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Abstract
Thermal transport is critical in engineering system design, as it directly affects the stability,
durability, and efficiency of systems. To overcome new challenges in engineering design
for high-power, flexible, and miniaturized devices, more effective, delicate, and specific
control of thermal transport is required. As two-dimensional (2D) materials have attracted
attentions due to their promises for innovative devices, demands for advanced control of their
thermal transport have also arisen. Among 2D materials, graphene has been intensively
studied for various applications due to its exceptional properties, and especially, its high
thermal conductivity allows for effective investigation of various control effects. Therefore,
graphene is selected for this study on thermal transport control. Selective and dynamic
control of in-plane and cross-plane thermal transport are investigated for graphene and
graphene heterostructures with Si and SiO2 . For enhanced understanding of various control
mechanisms, atomic vibrations and their fundamental properties are examined via molecular
dynamics simulations.
Structural design (substrate, defect, doping, etc.) and system conditions (temperature
and pressure), which can affect scattering kinetics and interfacial transmission, are examined
to achieve selective and dynamic thermal transport control. This study suggests the following
findings: 1) Adding a substrate to freestanding graphene significantly reduces thermal
conductivity by suppressing out-of-plane phonons, while the effect of another substrate is
minimal. 2) Applying a mechanical pressure is very effective for anisotropic control, showing
that change of cross-plane thermal transport is more than ten times larger than in-plane
transport. 3) Reduction of nanosize structural defects (holes) on graphene is two-ordersof-magnitude larger than macroscale porous structure with the same porosity. Moreover,
the hole arrangement in nanoscale systems can change the transport reduction and induce
iv

asymmetric thermal transport. 4) Si doping is another promising method of controlling inplane conductivity by increased phonon scatterings, induced by both mass and interaction
mismatch. 5) Both structural and point defects, created by holes and doping, enhance
interfacial thermal transport due to the increase of cross-plane atomic interaction by inplane structure weakening. Enhanced controllability of thermal transport from this research
will allow for the development of innovative thermal engineering systems and improvement
to energy conversion, storage, and heating/cooling systems.
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Chapter 1
Significance of Advanced Thermal
Transport Control

1

1.1

Introduction

Performance and stability of many engineering applications are affected by their thermal
properties. Since high temperatures (i.e., large phonon population) lead to frequent electron
scattering, hindering electron transport [1, 2] and deteriorating the performance of electronic
devices (e.g., transistors) as well as photovoltaic cells or batteries, thermal transport is
as critical as electrical transport in various applications (e.g., the power of a solar panel
decreases by 0.485% per the temperature increase of 1◦ C from 25◦ C [3]). High thermal
conductance/conductivity enhances heat dissipation and reduces temperature distribution
with a given heat flow. On the other hand, low conductance/conductivity is required to
preserve thermal energy and isolate thermal systems from external effects such as refrigerator
or cooling/heating chamber. The desirable thermal transport behaviors are achieved by
selecting proper materials and/or system design.
Above the enhancement of heat insulation or dissipation, more delicate, specific control of
thermal transport, which includes i) anisotropic, ii) asymmetric, and iii) carrier property- and
species- dependent controls, will contribute to the breakthrough of application performance
and shed light on the development of thermal devices.
Depending on the application, a system needs both dissipating and insulating characteristics; in those applications, directional control or anisotropic thermal transport is desirable
(i.e., thermal transport should be high in one direction but not in other direction). Examples
include manufacturing process (maintaining a constant bed temperature with lateraldirection insulation) and electronic packaging (working as thermal cable transferring heat to
heat sink) [4], in addition to energy storage systems [5] and space fission propulsion/power
systems [6].
Thermal energy storage and building heating will be more efficient when packaging or wall
layers allow for large heat transfer from heat source while limiting heat loss from the system
to heat sink. For cooling devices or thermal management, however, the reverse directional
dependency will be desirable. This asymmetric thermal transport along a specific axis which
depends upon the sign of the temperature gradient or heat current is termed as rectification
[7]. In addition to energy efficiency and thermal management, effective rectification will be
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base of innovative thermal (phononic) devices (switch, diode, transistor, etc.) [8] as analogies
of electronics.
Electron and lattice vibration (phonon when quantized) are main thermal energy carriers
in solid systems. Selective transport control depending on these energy carrier species is
important; for example, in well-known thermoelectric energy conversion, lowering thermal
conductivity while maintaining electrical conductivity enhances thermoelectric efficiency [1].
In addition, more detailed modal and spectral control can be considered; since electron
scattering in semiconductors is dominated by interaction with optical phonons [2], reducing
the population of high-energy optical modes will be effective to enhance electron scattering;
i.e., selective filtering of specific mode or frequency will improve performance of electronic
devices in an innovative way.
In addition to the aforementioned selective controls, dynamic control of thermal transport
via operational conditions, such as temperature and pressure, can further enhance thermal
system design as it allows for real-time response to change of external conditions.
Considering those mentioned above, investigating new methods of controlling the rate and
direction of the heat flow in solid systems is vital to improve our physical understanding of
the thermal transport phenomenon and enhance the design of electronic, energy conversion,
and phononic devices.

1.2

Materials and Methodology

To enhance and innovate the design and performance, future electronic devices are expected
to be smaller, faster, and more flexible.

Due to their distinctive electrical, thermal,

mechanical, and chemical properties, 2D materials have been studied as a key to achieving
high-performance flexible electronics [9, 10, 11, 12]. Not only for electronics, but 2D materials
are also expected to improve the performance of energy conversion and storage systems such
as solar photovoltaic cells, batteries, and thermoelectric systems [13, 14]. Among the 2D
materials, graphene with hexagonally arranged carbon atoms, receiving the most attention
today.

3

In graphene, the charge carriers can be described as massless Dirac fermions resulting in
extremely large electrical mobility (up to ∼15000 cm2 /V-s at room temperature) [15, 16, 17].
Additionally, it possesses exceptional high thermal conductivity (range of 3080−5150 W/mK and phonon mean free path of ∼775 nm near room temperature) [18, 19], high mechanical
strength (Young’s modulus of 1 TPa and intrinsic strength of 130 GPa [20, 21]), as well
as optical transparency [22]. Most thermal properties of graphene are derived from the
strong in-plane covalent sp2 bonds between neighboring carbon atoms which, are among
the strongest in nature (stronger than the sp3 bonds in diamond), with bonding energy of
approximately 5.9 eV [23]. The utilization of these superior properties can already be seen
with the integration of graphene in solar photovoltaic cells, where a significant performance
enhancement was reported [24, 25, 26]. However, depending on the application, graphene
properties are not always desirable; the high thermal conductivity and low Seebeck coefficient
of pristine graphene are not appropriate for thermoelectric systems, and graphene requires
a nonzero band gap in order to be a charge collector in solar cells [27] or have high on/off
switching ratios (approximately 100 [9]).
Wide range of graphene applications (e.g., field effect transistors [28], thermoelectric (TE)
energy conversion [29, 30, 31, 32], gas detection [33], solar cells [34] etc.) and its unique
properties made this material enough promising to be chosen as the goal material for this
research. Above all, high thermal conductivity of graphene holds promise for manipulation of
thermal transport characteristics, and its low phonon-phonon (p-p) scattering rate allows for
geometric confinement or defects to have a significant influence on thermal transport control
[35, 36], exotic physics of two-dimensional (2D) phonon transport [37] which makes it very
promising to be used in different engineering designs. Since graphene is a 2D material, it is
used mostly in supported or sandwiched form in engineering applications. In this research
Si and SiO2 (most used semiconductor and insulator materials in the electronics industry)
as the supporting materials. Moreover, in the 2D materials, all of the atoms are affected by
the substrate effect and study of the graphene in supported and sandwiched mode provides
more insights to the ongoing physics of the thermal transport.
Atomic vibrations (or phonons when quantized in the lattice) are the main energy
carriers for thermal transport in graphene, semiconductors, and insulators, and we can
4

neglect electron transport for heat transfer calculations in these materials. Considering
computational cost and feasibility to simulate larger systems, thermal transport physics
can be predicted with an acceptable accuracy using molecular dynamics (MD) simulations.
Thus, MD simulation is selected as the main tool in this study, which can provide enough
information to understand the heat conduction in graphene systems while giving us the
ability to simulate large enough systems with affordable simulation cost.

1.3

Research Overview: Control Approaches

This research will investigate the effective control of thermal transport properties in twodimensional (2D) materials system using atomistic computer simulations.

We seek for

selective control of transport, which includes transport control of selective energy carrier and
anisotropic transport control. The former can enhance the performance of thermoelectric
conversion [1], for which thermal transport should be reduced while maintaining electrical
conductivity, and the latter, can improve the design of thermal management system in
electronic devices [38] and energy storage systems [39].
Despite versatility and effectiveness, controlling thermal transport is challenging because
main thermal carriers, i.e., phonons, are governed by only diffusion (high to low phonon
population or temperature) differing from charged particles driven by the electric potential
in addition to diffusion [1]. Intensive efforts to control thermal transport [40, 41, 42, 43] have
been made to overcome this challenge; however, the effectiveness of various transport control
approaches needs to be quantified for an enhanced design of transport control system, and
understanding of the control mechanisms should be improved. For quantification of control
effectiveness, computational simulations will be effective tools because various structural and
operating conditions can be systematically controlled. In particular, atomistic simulations
allow for not only calculation of thermal transport properties for effectiveness evaluation, but
also direct analysis of carrier properties, which facilitates to the identification of fundamental
control mechanisms and dominant controlling factors.
According to kinetic transport theory [44], thermal conductivity of 2D materials can
be defined as k = (1/2)CνΛ, where C is the specific heat, ν is phonon group velocity,
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and Λ is phonon mean free path (MFP) [45]. By exposing graphene to a substrate, creating
geometrical or structural defects, and point defects (i.e., doping), we can alter and control the
Λ and in-plane thermal transport kinetics as the result. The cross-plane thermal transport
can be controlled by manipulating and designing the system in a way to affect the interfacial
phonon transmissivity τr value. The interfacial transmission can be controlled by interfacial
interactions and phonon status. Applying mechanical force to interface can reduce the
average inter-plane distance and increase the interaction rate, or geometrical defects can
weaken the structure of graphene and make it more easily influenced by interactions with
the substrate. Therefore, by applying mechanical forces, geometrical defects, asymmetric
defects arrangements, and Si doping, we can achieve selective and dynamic control of the
in-plane and cross-plane thermal transport in graphene heterostructures.
Chapter 2 will discuss the effect of applying mechanical forces, as a dynamic and
selective method of manipulating thermal direction and magnitude, to the graphene/silicon
interface on the in-plane thermal conductivity of the graphene, as well as interfacial thermal
transport. Also, the effect of substrate on the in-plane thermal conductivity of graphene, as
heterostructure effect is investigated. The results of this chapter have been published in the
Journal of Applied Physics [46].
Chapter 3 will demonstrate the results of our study on the effect of structural defects on
the in-plane and cross-plane thermal transport in graphene/Si heterostructures. Here, the
effects of the size and arrangement of defects on controlling the direction and magnitude of
thermal transport have been investigated. The results of this chapter have been published
in the Carbon journal [47].
In chapter 4, the effect of asymmetrically arranged defects on the in-plane thermal
conductivity of graphene will be discussed, demonstrating asymmetrically arranged defect
can create directional dependance thermal conductivity will be investigated. We will see that
asymmetric geometry can result in different thermal conductivity in the different direction,
which is called thermal rectification. The results of this chapter have been published in the
Carbon journal [48].
Chapter 5 will discuss impurity (i.e., doping) effect on the in-plane thermal conductivity
of single-layer graphene. Doping graphene with heavier atoms like Si can reduce the thermal
6

conductivity of graphene and can be an effective method of selective controlling thermal
transport in graphene. The results of this study are under review in the Computational
Materials Science Journal.
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Chapter 2
Anisotropic Control of Thermal
Transport in Graphene/Si
Heterostructures

8

A version of this chapter was originally published by Ali Yousefzadi Nobakht and Seungha
Shin:
Yousefzadi Nobakht, Ali, and Seungha Shin. ”Anisotropic control of thermal transport
in graphene/Si heterostructures.” Journal of Applied Physics 120.22 (2016): 225111.

2.1

Abstract

The cross-plane interaction across interface changes phonon kinetics and spectrum near the
interface, and the interaction effects on both in-plane and cross-plane thermal transport are
investigated in graphene/Si heterostructure. The interaction with substrates dramatically
reduces the in-plane thermal conductivity of graphene by changing the behaviors of the outof-plane phonons as well as adding phonon-substrate scatterings. Applying pressure up to
2.6 GPa to the sandwiched graphene reduces the cross-plane interfacial thermal resistance
by 50% without altering the in-plane thermal conductivity in a significant way. The pressure
increases the inter-layer coupling and creates a low-energy phonon transport channel between
graphene and Si with minor effects on phonons propagating along the graphene. This study
suggests anisotropic control of thermal transport, and the physics and calculation results
can be used to improve the thermal design and analysis in two-dimensional nano-electronic
devices.
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2.2

Introduction

As the electronic industry miniaturizes devices and electronic parts shrink to nanometers, the
thermal management of these devices are becoming a challenge [49]; effective heat dissipation
is required for the device performance and stability [50]. The reported high electrical [51] and
thermal conductivities [18, 19, 52] of single-layer graphene (SLG) have made this material
a very promising candidate for electronic applications such as field effect transistors [28].
However, when graphene is supported by a substrate, the superior thermal conductivity is
dramatically reduced due to the influence of contacting materials [32]. Since graphene in
micro- and nano-electronics is mostly supported or sandwiched rather than suspended [53,
54], both in-plane and cross-plane thermal transports, which are characterized by in-plane
conductivity and interfacial conductance (inverse of resistance), should be studied with the
consideration of the cross-plane interactions of contacting materials for the thermal design of
graphene applications [55, 56, 57, 58, 59, 32]. In particular, the interfacial thermal transport
between graphene and substrates plays a critical role in the saturation of graphene electronic
devices [60, 61, 62]. There are many recent studies on different methods of controlling
interfacial thermal transport [63, 57, 64]; however, for further enhancement of electronic
device design and heat dissipation, we still need to find an effective, cheap and feasible
way of controlling directional thermal transport, and improve physical understanding on
interfacial interactions.
In this research, we study the thermal transport in various configurations and conditions
of graphene heterostructures for understanding the cross-plane interaction physics, finding
methods to control thermal transport, and enhancing the thermal design and analysis. Since
quantized atomic vibrations, i.e., phonons, are main thermal energy carriers in the graphene
systems [53, 54], we focus on thermal transport by phonons. Molecular dynamics (MD) is
employed to study the phonon transport including the in-plane conductivity of SLG as well
as cross-plane interfacial conductance between SLG and substrate. Si is selected as substrate
because it is a representative of semiconductors and the most common material used in the
electronic devices.
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To identify the influence of cross-plane interaction on phonon behavior, which is expected
to cause the change in thermal transport properties, we calculate the phonon density of
state (DOS) of SLG under different conditions. Supported and embedded (sandwiched)
forms of SLG are investigated, and the phonon transport properties and spectra in the
heterostructures are compared with the suspended (free-standing) SLG. In the sandwiched
SLG, we apply the compressing pressure, as a potential tool to control the strength of the
interactions between SLG and Si substrates, and study the effects on the interfacial thermal
resistance as well as in-plane thermal conductivity.

2.3

Methodology

Periodic boundary conditions are applied in x and y directions while a free boundary
condition is used in z direction to avoid interactions between periodic cells. Here, x is the
in-plane heat flow direction and z is the flow direction for interfacial thermal transport [Figs.
2.1(a)-(d)]. Our simulations showed that the width dependency of thermal conductivity is
negligible for sample wider than 11 nm, so we choose 11.6 nm for the simulation sample
width (w in y direction) to reduce the computational cost and minimize lattice mismatch
in Si/SLG heterostructures. Various lengths (l) are simulated for the length dependence of
thermal conductivity (k) and the calculation of bulk thermal conductivity (k0 ). l ranges
from 40 to 2400 nm in simulations for the suspended SLG, however l’s in the supported and
sandwiched SLG structures are less than 300 nm due to the computational cost. For the
cross-plane transport, a fixed, mid-size sample length (∼ 200 nm) is selected. The width
and length of the Si block are the same as the graphene, and the size of Si in z direction
is 3.8 nm. Based on our simulations on different Si block sizes, this thickness of Si block
is large enough to avoid size dependence of simulation results. All the simulations were
performed in Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [65],
all results in this work are average of five independent simulations, and the time step for
all our simulations is chosen to be 0.5 fs. Adaptive intermolecular reactive empirical bond
order (AIREBO) [66] is used to model C-C bonded interactions, and three-body StillingerWeber [67] potentials for Si-Si interactions. Primarily short-range, van der Waals (vdW)
11

interaction [68, 69] between C and Si atoms is modeled by the 12−6 Lennard-Jones (LJ)
σ
σ
potential, ϕLJ = 4ε[( )12 − ( )6 ], where ε is the energy at equilibrium position, σ is the
r
r
distance at which the intermolecular potential between the two particles is zero, and r is the
distance of separation between particles. The potential parameters used in our simulations
are based on the vdW interactions in the universal force field (UFF) model by Rappe, et al.
[70].
Thermal conductivity is calculated by using non-equilibrium molecular dynamics (NEMD)
[71, 72, 73, 74, 75, 76, 77]. After the equilibration in N V T ensemble (constant number
of particles, volume, and temperature) at a measured T for 0.5 ns employing velocity
rescaling, the hot and cold Langevin thermostats are added at x = l/4 and 3l/4 with a
width of l/20 (i.e., distance between two thermostats, dH -C = l/2) [Fig. 2.1(a)] [72, 73, 76].
Temperature is averaged for long enough period of time (1 ns) to minimize the noises in
temperature distribution. Thermal conductivity k (W/m-K) is calculated by using Fourier’s
law, q = −k∇T with a heat flux from the hot to the cold region, q (W/m2 ) and a temperature
gradient, ∇T (= dT /dx in 1D transport). q is the average heat addition and removal over 2
ns on thermostats per unit cross-sectional area. The interlayer spacing of graphite, (0.335
nm [78]), is selected as the thickness of a single-layer graphene for the cross-sectional area.
For ∇T , T -distribution is calculated from the local kinetic energy average, and to avoid the
thermostat effects and T -dependence, the linear part of T -profile near a measured T is used.
In order to calculate the thermal conductivity of graphene with a Si substrate, hot and cold
thermostats are placed in graphene and Si for direct calculation of graphene heat flux as
in Fig. 2.1(b) separately. The hot and cold thermostats in graphene and Si are set as the
same temperatures, and after equilibration of MD simulations, Si and graphene temperature
distributions are parallel and almost identical; thus, heat leakage to or addition from Si
substrate is negligible. In addition to heat flux at thermostats (l/4 and 3l/4) calculated
using thermostat heat addition and removal, x component of local heat flux (qx ) is measured
at three different locations (3l/8, l/2, and 5l/8) as given by[79]

qx =

X
1 X1
1 XX
xi,j (u i · F ij )],
[
mi (u i · u i )ui,x +
ϕi ui,x +
V i 2
2
i
i
j
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Figure 2.1: Simulation models for the calculation of thermal transport properties. (a) Suspended
graphene thermal conductivity. The hot and cold thermostats are placed to create temperature gradient
(dT /dx) and heat flux (q ) along the sample for the in-plane thermal conductivity. (b) Supported graphene
thermal conductivity. The hot and cold thermostats are placed on graphene and Si, separately. (c)
Interfacial thermal resistance for supported graphene. The hot thermostat is placed on the graphene, and
the temperature and energy evolution during thermal relaxation are recorded to calculate the interfacial
thermal resistance. (d) Interfacial thermal resistance for sandwiched graphene. In addition to the thermal
relaxation, the z-direction force is applied to the upper Si block for the pressure dependence of the thermal
transport.
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where V is the volume, mi is the mass of particle i, ui is the velocity vector, ui,x is the
x component of u i , ϕi is the potential energy, xij is the x component of the interatomic
separation (r), and F ij is the interaction force between i and j particles. In all cases, heat
fluxes calculated at thermostats agree well with local heat flux calculation and the local
heat flux is almost constant (< 5% difference), which confirms negligible heat leakage i.e.,
1D thermal transport under this thermostat setup. In this research, a local heat flux at
the center (l/2) will be employed in conductivity calculation. To estimate contributions of
out-of-plane and in-plane phonon modes to thermal transport separately, either z-direction
polarization only or xy-direction polarization only is included in the heat flux calculation. For
the sandwiched graphene simulation, the graphene layer is placed between two Si blocks [Fig.
2.1(d)] and the same methodology as in the supported case is employed for the calculation
of qx and k.
The interfacial thermal resistance is calculated by analyzing the temperature relaxation
[80, 81]. The system is equilibrated first at 300 K, and then hot and cold thermostats are
placed on graphene and Si, respectively. Once reaching a stable temperature on graphene
and Si, the thermostats are removed to relax the system thermally. During the relaxation
period, the temperatures and total energies of the graphene and Si are recorded and used for
the calculation of (areal) interfacial thermal resistance, R (m2 -K/W) given as [80, 82, 83, 84]
∂Et
TSLG − TSi
=A
,
∂t
R

(2.2)

where Et is the total energy of the supported graphene, A is the thermal transport interface
area, and TSLG and TSi are the graphene and Si temperatures. In our simulations and previous
studies [64, 85, 83, 84], R is almost constant for the temperature range of simulation (200-500
K), so approximating R as constant, Eq. (2) is integrated as
R
Et = E0 + ( )
A

Z

t

(TSLG − TSi )dt,

(2.3)

0

where E0 is the initial total energy of graphene. In the sandwiched graphene case, A is
doubled since heat flows in both up- and downward direction.
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The sandwiched structure is selected to investigate the effect of the pressure (p) on the
interfacial thermal resistance and in-plane thermal conductivity. We apply a uniform force
to the upper Si block in negative z direction while constraining the z direction movement
of bottom-layer atoms of lower Si block to keep it in its place [Fig 2.1(d)]. Phonon density
of states (Dp ) is calculated through the Fourier transform of the velocity autocorrelation
function [86]. For this calculation, we use velocities of sampled atoms exported every time
step from N V E ensemble simulations.

2.4

Results and Discussions

Since the distance between hot and cold reservoirs (dH -C ) is comparable to or smaller than
the SLG phonon mean free path (λp ∼750 nm [19]), thermal conductivity (k) is dependent
on dH -C due to the ballistic effect; i.e., shorter dH -C , lower k in NEMD simulations [87] as
in Fig. 2.2(a). If dH -C  λp , transport between two reservoirs will be almost scatteringfree, and k will be proportional to product of ballistic conductance (GB ) and sample length
(i.e., k = GB dH -C ). However, the size-dependence of k is negligible in diffusive regime
(dH -C  λp ) and the diffusive k is approximated as GB πλp /2 [88]. Combining both ballistic
and diffusive behaviors, k for intermediate dH -C (∼ λp ) is suggested as follows in the previous
studies [88, 54]

k ∼ GB (

1
dH -C

+

2 −1
) .
πλp

(2.4)

However, k’s from the NEMD simulations is not fitted well to Eq. (4), and especially a larger
deviation from the fitting equation is observed with a longer length (dH -C ) than λp . This
anomalistic length-dependence of k has been studied, and is attributed to the additional
participation of low-frequency, long-wavelength phonons in transport, which is restricted by
the system size [89, 90]. In Fig. 2.2(a), we used three aforementioned equations (for three
length ranges) to fit the thermal conductivity results from our simulations. The first region
(red, dashed-dot line) is for the ballistic thermal transport regime and the linear relation
between k and GB , the second region (purple, dot line) represents the range of intermediate
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sample length, and the third region (black, long-dashed line) is for a long sample length,
which incorporates more long-wavelength phonon contributions.
Using the fitting method [76], GB,sus , bulk conductivity (k0,sus ), and λp,sus in suspended
SLG are obtained as 4.286 GW/m2 -K, 2235 W/m-K, and 332 nm, respectively, as in Fig.
2.2(a). The discrepancies from other experimental and theoretical studies (reported k0,sus =
3000-5000 W/m-K [18, 19, 52], GB,sus = 4.167 GW/m2 -K [88], and λp,sus = 750 nm [54]) are
attributed to the limited size and approximations in MD simulations and AIREBO model
[91, 87, 92]; however, overall phonon properties and transport behaviors are reproduced well
with our current approaches [93].
The in-plane thermal conductivities of SLG in the supported and sandwiched structures
(ksup and ksw ) are calculated, and their length dependence for relatively short-size range
(< 150 nm, due to the computational cost) is also studied. As in Fig. 2.2(b), thermal
conductivity is dramatically reduced by the contact with a Si substrate in the supported
structure; however, the interaction with additional contact surface in the sandwiched
structure does not have a significant effect on k. ksw is slightly smaller than ksup , and
their length dependences are also similar to each other, showing that both relative thermal
conductivities compared with the suspended SLG (i.e., ksup /ksus and ksw /ksus ) decreases with
dH -C [Fig. 2.2(c)].
The high thermal conductivity of suspended SLG is attributed to a larger density of
states (Dp ) of out-of-plane modes [54] (ZA and ZO) at low energies, which results in higher
cp , and low phonon scattering rates of those phonon modes (Z: z-direction polarization, A:
acoustic,and O: optical). The low scattering rates originate from the fact that approximately
60% of the normal (N ) and Umklapp (U ) scattering of the out-of-plane phonons are
prohibited by the selection rules; thus, long mean free path of ZA and ZO phonons in
comparison with the in-plane phonons [58] leads to dominant contribution to in-plane thermal
conductivity of suspended graphene (more than 77% [54]). However, these ZA and ZO
phonons are significantly affected by the contact, whereas in-plane phonons with LA, TA,
LO, and TO polarizations (L: longitudinal, and T: transverse) show only a slight change
as Dp ’s for in-plane and out-of-plane modes in suspended and supported graphene shows in
Fig. 2.4(a). In particular, the ZA mode in supported or sandwiched graphene does not have
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Figure 2.2: (a) Thermal conductivity of suspended graphene (ksus ) with respect to the distance between
hot and cold reservoirs (dH -C ). The bulk conductivity of suspended graphene (k0,sus ) and the ballistic
conductance (GB,sus ) are estimated from the length dependence. (b) In-plane thermal conductivities of the
supported (ksup ) and sandwiched (ksw ) single-layer graphene with respect to dH -C . (c) Relative thermal
conductivities in supported and sandwiched graphene compared with suspended graphene (ksup /ksus and
ksw /ksus ). Thermal conductivity is reduced by the interaction with Si, and the reduction increases with
dH -C .
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nonzero Dp at phonon energy of zero any more, while the suspended graphene does due to the
quadratic dispersion by flexural bending rigidity [94]. Since low-energy (long-wavelength) ZA
phonons have less scattering rates or longer relaxation time [95], the smaller population of
near zero energy phonons will cause a shorter average effective mean free path (λp ), reducing
thermal conductivity. Additionally, the ZO mode is shifted to the energy of substrate
Si optical mode peaks by the cross-layer interaction, which also enhances scattering with
substrate phonons. Compared to the clear difference between suspended and supported Dp ’s
in out-of-plane polarization, additional contact in the sandwiched structure has a minor effect
on phonon spectrum as in Fig. 2.4(b). The relative contribution of each phonon polarization
(in-plane or out-of-plane) to thermal conductivity [Fig. 2.4(c)] shows that out-of-plane
phonon contribution is dominant in in-plane thermal transport of suspended graphene,
while in-plane phonons carry most of thermal energy in supported and sandwiched cases.
This confirms that the dramatic reduction of thermal conductivity stems from increased
scattering of out-of-plane phonons. Very close participation percentage of xy and z phonons
in supported and sandwiched graphene and analogous Dp ’s for these cases, can explain the
small difference between supported and sandwiched graphene in-plane thermal conductivity.
Using Dp in Figs.

2.4(a) and 2.4(b) with the equilibrium phonon (Bose-Einstein)

o
distribution function {fBE
=[exp(~ω/kB T )−1]−1 }, the phonon specific heat capacities (cp )

of suspended and supported SLGs are calculated as
Z
cp =
0

∞

∂f o
Ep BE Dp (ω)dω =
∂T

Z

∞

0

~2 ω 2 exp(~ω/kB T )Dp (ω)
dω,
kB T 2 [exp(~ω/kB T ) − 1]2

(2.5)

where kB is the Boltzmann constant. The cp of SLG does not vary dramatically with different
structures; moreover, the out-of-plane modes in the supported case have slightly higher cp
than the suspended at temperatures around 300 K in spite of its lower ksup as in Fig. 2.4(d).
Since the phonon conductivity k is proportional to cp , up (average velocity) and λp
according to the kinetic theory [96], we can conclude that the large reduction in k is
mainly due to the increasing phonon scattering (shorter λp ). The phonon mean free path
(λp ) increases with the time constant of phonon scattering (τp ), which decreases with more
scatterings. In the simulation of supported graphene, SLG phonons are scattered by other

18

Suspended and Supported SLG at T = 300 K
Out-of-plane (z)
Suspended
Supported

Dp (meV-1)

0.15

In-plane (x and y)
Suspended
Supported

0.4

Dp,Si (meV-1)

0.20

0.10

100

SLG

Suspended
Supported
Sandwiched

0.1

0

50

In-Plane
85.5

100

150

200

Out-of-Plane
86.25

90.5

Ep (meV)
(a)

250

0.0
0

50

cp /nkB

40

4

0

Suspended

13.75

Supported

200

250

In-plane (xy)
Supported
In-plane (xy) - Suspended

3

Out-of-plane (z) - Supported

2
14.5

150

Ep (meV)
(b)

Suspended and Supported SLG
Dulong-Petit limit
5 Total - Supported Total - Suspended

60

20

100

6

80
Contribution to k (%)

Bulk
Near SLG/Si interface (< 5 Å)

0.1

Dp,SLG (meV-1)

0.00

Total Dp at T = 300 K

0.2

0.0

0.05

Si

0.3

Out-of-plane (z) - Suspended

1

9.5

0

Sandwiched

(c)

0

500

1000

1500

T (K)
(d)

2000

2500

Figure 2.3: (a) Comparison between the suspended and supported phonon density of states (DOS,
Dp ) for in-plane and out-of-plane phonon modes. Differing from in-plane phonons, Dp in out-of-plane
phonon modes (ZA and ZO) is significantly changed. (b) Total phonon DOS of suspended, supported, and
sandwiched graphene. Dp of bulk Si and Si near the interface with graphene are also added. The supported
and sandwiched Dp ’s are slightly different, and the cross-plane interaction shifts Dp ’s in both cases to Si Dp .
(c) Relative contributions of in-plane and out-of-plane phonons to the in-plane thermal conductivity. The
out-of-plane phonon contribution reduces by the interaction with the substrate. (d) Phonon specific heat
capacities (normalized by nkB ) calculated for the suspended and supported SLGs using Dp ’s in Figs. 3(a)
and (b).
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SLG phonons (p-p), substrate interaction (p-sub), and thermostats (p-d, due to the limited
transport distance, dH -C ), and these scattering mechanisms are characterized by three time
constants; τp-p , τp-sub , and τp-d , respectively. Using the Matthiessen rule [1], the overall time
constant of phonon scattering (τp ) is given as
X 1
1
1
1
1
=
=
+
+
.
τp
τp,j
τp-p τp-sub τp-d
j

(2.6)

Here, τp-d increases with sample size (dH -C ), while other main mechanisms are not sizedependent; thus, with a longer dH -C (or τp-d ), the relative contribution of τp-sub and τp-p to
overall τp is more significant. Since the shorter λp (or larger scattering rate) for lower k in
the supported or sandwiched structures originates from the increased p-p or p-sub scattering
when considering a common dH -C , the change in conductivity by substrate [(ksus − ksup )/ksus ]
increases with dH -C (i.e., ksup /ksus decreases). This negative length-dependence of relative
conductivity is observed both in the supported and sandwiched structures as in Fig. 2.2(c).
The phonons in the supported and sandwiched SLGs have almost identical DOS [Fig.
2.4(b)] (thus, very similar cp ) and ballistic conductance from the similar linear dependence
for a very short length of system [Fig. 2.2(b)]. Thus, a minor difference between ksup and
ksw despite additional substrate demonstrates a small difference between the supported and
sandwiched SLG scattering rates. This small difference implies that the substrate scattering
(τp-sub ) is not significant although it can further reduce k, and the additional contact in
the sandwiched structure increases only the minor substrate scattering.

Therefore, we

deduce that through the contact with a single substrate, the SLG loses its 2D characteristics
(including the flexural bending motion and the mentioned prohobitions in selection rules),
which results in low p-p scattering rate (especially in out-of-plane modes) for higher k’s.
The extensive change in the out-of-plane phonon modes, which have dominant contributions
to the in-plane thermal transport in suspended SLG, and the minor difference between the
supported and sandwiched phonon properties explain the k reduction (large reduction from
the suspended one but the minor difference by additional substrate) in Figs. 2.2(b) and
2.2(c).
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Figure 2.4: (a) Temperature evolution of SLG and Si during thermal relaxation. (b) The decays in
temperature difference (4TSLG- Si ) and the energy in graphene (ESLG ) (inset). The equilibrium temperature
in the sandwiched structure is lower than the supported due to its doubled Si mass or doubled heat capacity,
and the relaxation is also faster in the sandwiched structure due to the larger contact area.
Thermal relaxation between hot SLG and cold Si is analyzed for the cross-plane thermal
transport. The resulting equilibrium temperature in the sandwiched structure is lower than
the supported due to its doubled Si mass or doubled heat capacity as shown in Fig. 2.4(a).
The decays in temperature difference (4TSLG- Si ) and the energy in graphene (ESLG ) are fitted
to exponential function eliminating the noise from MD results. Using this fitted equation
with Eq. (3), thermal boundary resistance (RSLG/Si ) is calculated using Eqs. (2) and (3) and
the fitting parameters are adjusted in a way not to affect the simulation results [Fig 2.4(b)].
The interfacial thermal resistance near the room temperature is almost constant in this
range of temperatures as in Refs. [64, 85, 83, 84], and our calculations also show that the
RSLG/Si is almost consistent during the relaxation despite a variation of average interfacial
temperature [(TSi + TSLG )/2]. The minor temperature dependence of interfacial transport in
spite of a larger population of participating phonons at higher temperatures demonstrates
the dominance (high interfacial transmission) of low-frequency phonons, excited already at
low temperatures. The high transmission of low-frequency phonons is observed also in other
graphene heterostructures [97, 98].
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For the accuracy in the calculation of RSLG/Si at 300 K, we select data points around
[(TSi + TSLG )/2] of 300 K. The calculated RSLG/Si in the supported case is 3.502×10−8 m2 K/W, which is in a good agreement with previous reports (3.57×10−8 m2 -K/W through
Raman method [99] and 3.52×10−8 m2 -K/W in other MD simulations [100]). As Fig. 2.4(b)
shows, thermal relaxation in the sandwiched structure requires less time than the supported
case; however, the calculated RSLG/Si (4.98×10−8 m2 -K/W) is larger than the supported
one, and the faster decay in 4TSLG-Si and ESLG is attributed to the doubled interfacial area.
Although the additional contact in the sandwiched structure does not make a significant
change in the phonon spectrum and in-plane conductivity of SLG compared to the supported,
more scatterings at the interface are induced by stronger interaction with Si from both sides,
leading to a larger RSLG/Si in the sandwiched structure.
The different effect of the interaction by additional contact on in-plane thermal
conductivity and cross-plane resistance implies the possibility of the anisotropic control of
thermal transport in SLG/Si heterostructure through the control of the cross-plane (i.e.,
out-of-plane direction) interaction. In this study, pressure normal to the interface (p),
ranging from 0 to 2.6 GPa, is applied for the transport control in the sandwiched structure
(Si/SLG/Si).
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Figure 2.5: Variations of (a) in-plane thermal conductivity of SLG (ksw ) and (b) cross-plane interfacial
thermal resistance (RSLG/Si ) in the sandwiched structure (Si-SLG-Si) with respect to the applying pressure
(p). RSLG/Si decreases as p increases while ksw does not vary significantly.

22

The in-plane thermal conductivity of the sandwiched SLG slightly decreases with
increasing p, demonstrating minor effects of p on ksw as in Fig. 2.5(a). ksw from the
MD simulation under 2.6 GPa to the interface is 3.5% lower than without pressure, and
the reduction using ksw from the linear fitting is 2.1%. In contrast, RSLG/Si significantly
decreases with increasing p (2.6 GPa reduces by around 50%) [Fig. 2.5(b)] as expected and
observed also in multi-layer graphene [63]. This suggests the anisotropic thermal transport
control (selective enhancement of cross-plane thermal transport) by applying p.
The p-increase reduces the distance between C in SLG and Si atoms in general; thus, a
larger number of Si atoms are located within shorter distances with C atoms as shown in
Fig. 2.6(a). The shorter distance induces a stronger interaction between C and Si, which is
represented by the LJ potential. The average distance between the sandwiched SLG and the
Si block is reduced by 7% in the presence of the pressure of 2.6 GPa, compared to one with
no pressure (p = 0 GPa). Dp of phonons with in-plane polarization, which is perpendicular
to the pressure- (or force-) applied direction, does not vary with pressure as expected and
shown in Fig. 2.6(b). In contrast, the phonon spectrum in the p-applied (out-of-plane or z)
direction shows an additional low-energy peak in both the sandwiched SLG and interfacial
Si as in Figs. 2.6(c) and (d). As p increases, this peak increases and Dp ’s of SLG and Si are
more synchronized. The stronger interaction and applied pressure constrain the motions of
constituent atoms neighboring the interfaces, analogous to linkage to very heave mass, which
we attribute the appearance and increase of low-energy phonon peak to.
The peak is sharp and narrow, and its size in Si diminishes as the distance from the
interface increases [Fig.

2.6(e)]; thus, we deduce that the phonon is localized (or not

propagated) in the out-of-plane direction. Additionally, the out-of-plane mode, which the
peak belongs to, has a minor contribution to in-plane thermal transport as in Fig. 2.4(c),
and the in-plane thermal conductivity is decreasing despite an increased phonon population
by larger density of state at the peak. Therefore, the low-energy phonons in the peak do not
contribute to in-plane thermal transport, being localized. On the contrary, this low-energy
vibration excitation in both Si and graphene can provide additional transport channels,
enhancing local cross-plane interfacial transport.
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Figure 2.6: (a) Atomic density distribution of Si with respect to the distance with C atoms. The increase
in p decreases the average distance between C and Si, which induces the stronger interaction. (b) Dp ’s of
phonon modes polarized in the in-plane directions (xy) in the sandwiched SLG and interfacial-region Si under
two different p’s (0 and 2.6 GPa). (c) Out-of-plane Dp ’s in the sandwiched SLG under the pressures of 0,
1.0 and 2.6 GPa. (d) Dp ’s of phonon mode polarized in the cross-plane direction (z) in the interfacial-region
Si with respect to p (the out-of-plane Dp in the sandwiched SLG under the maximum pressure is added as
a reference). While the in-plane phonons do not change with p, out-of-plane phonons in both interfacial Si
and SLG have additional low-energy peaks in Dp , which increases with p. (e) Dp ’s of silicon at different
distances from the interface (p=2.6 GPa). The peak near zero energy disappears after few layers of atoms
far from the interface.
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As discussed above, phonons with long wavelength (low frequency) dominantly contribute
to thermal transport due to their high transmission across interfaces and this additional
channel enhances the cross-plane thermal transport vividly; thus, the larger peak by higher
pressure at the interface can lead to the lower interfacial resistance.

Our additional

simulations show that increasing ε (characterizing the Si-SLG interaction strength) in the LJ
potential induces similar effects of increasing p; a low-energy peak appears and increases with
ε, in-plane Dp is almost invariant, and in-plane thermal conductivity (ksw ) slowly decreases
while the decrease in interfacial thermal resistance (RSLG/Si ) is significant as shown in Figs.
2.7(a) and (b). However, large ε is required to have similar extent of change in phonon
Dp and transport (e.g., five times larger ε leads to similar results of 1.0 GPa, ε0 is the LJ
potential parameter from UFF model by Rappe, et al. [70]), and very large ε (> 10ε0 ) causes
a large deformation of Si crystal structure near the interface. Therefore, pressure control is
more feasible in engineering, and more effective without undesirable effects (such as unstable
interfacial structures) than control of interaction strength.
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(ε). (b) In-plane thermal conductivity (kSLG ) and interfacial thermal resistance (RSLG/Si ) in Si/graphene
(SLG)/Si structure with respect to interaction strength.
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2.5

Conclusions

Phonons polarized in out-of-plane direction are significantly influenced by the cross-plane
interaction with a contacting substrate, while in-plane phonons are almost intact. The
substrate effect is expected to activate the phonon scattering modes especially involving
out-of-plane modes, which are prohibited in suspended 2D graphene, reducing the mean
free path and thermal conductivity as a result. The additional contact surface in the
sandwiched structure increases the substrate interaction in the out-of-plane direction, and
applying a pressure induces the change in out-of-plane phonon modes; however, the change in
conductivity (k) is not significant, indicating the minor effect of the cross-plane interaction
control on the in-plane thermal transport of heterostructured graphene since the thermal
energy is transported dominantly by in-plane phonons, which are almost invariant with
pressure application. In contrast, the graphene/Si interfacial transport can be effectively
controlled by the cross-plane interaction, thus the variation in out-of-plane phonon mode.
Applying the pressure for the interaction control creates the additional low-frequency
transport channel in the out-of-plane mode, which effectively reduces interfacial thermal
resistance (by 50% with 2.6 GPa, while in-plane conductivity reduces by 3.5%).
This study offers insights on thermal transport properties in graphene heterostructures,
which can be employed for the thermal system design and analysis of graphene devices.
Effective, anisotropic thermal transport control proposed in this research is beneficial in
many engineering applications, such as space fission propulsion/power systems [6], electronic
circuits [38], and energy storage systems [5]. In a future study, thermal transport with
different temperature and substrate, which leads to a different phonon mismatch and crossplane interaction, and the phonon kinetics in those systems can be further studied for the
enhanced understanding.
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Chapter 3
Heat Flow Diversion in Supported
Graphene Nanomesh
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A version of this chapter was originally published by Ali Yousefzadi Nobakht, Seungha
Shin, Kenneth D Kihm, Drew C Marable, and Woomin Lee:
Yousefzadi Nobakht, Ali, et al. ”Heat flow diversion in supported graphene nanomesh.”
Carbon 123 (2017): 45-53.

3.1

Abstract

Redirection of energy carrier propagation by geometric confinement is studied through the
analysis of in-plane and cross-plane thermal transport within various graphene nanomesh
(GNM) configurations using molecular dynamics (MD) simulations.

As the transport

channel width decreases with an increase in porosity, the effect of redirection increases;
thus, the in-plane thermal conductivity of large-porosity GNM is more dependent on hole
arrangement. Since higher porosities weaken the GNM structure due to a larger population
of broken bonds, carbon atoms within the graphene structures are more easily influenced by
interactions with the substrate silicon (Si) block. Subsequently, increase in porosity leads to
the decrease of interfacial thermal resistance. At higher porosities, lower interfacial resistance
and in-plane thermal conductivity cause diversions (and redirections) in heat flow from the
GNM to the underlying Si substrate. Our study suggests that this method of heat flow
redirection can be applied as an effective means to control and manage heat transfer within
numerous applications; extension to the improved conductivity calculation accuracy can also
be achieved through the inclusion of this diversion analysis.
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3.2

Introduction

Since graphene’s first successful isolation [15], and the identification of its high electrical
[51] and thermal [18, 19] conductivity properties, these characteristics have made this novel
material very promising for advancement and innovation within electronic applications [101,
102, 103, 104]. Many research efforts have explored extensions of graphene’s highly desirable
attributes to more diverse and broader applications by manipulating its properties (e.g.,
boosting desirable and suppressing undesirable properties). Controlling thermal transport
(i.e., direction and magnitude) is of great interest for energy conversion and electronic system
design, with thermoelectric (TE) energy conversion being one such example of manipulation
[29, 30, 31, 32]. For optimal performance within TE devices, the reduction of thermal
conductivity (k), while maintaining or enhancing the TE power factor (σe S 2 , σe : electrical
conductivity and S: Seebeck coefficient), is critical. Moreover, the direction of heat transfer
can be controlled by altering thermal transport properties; utilization of such methods can
be employed to enhance heat dissipation [105].
Previous efforts to manipulate the thermal conductivity of graphene have emphasized
the use of chemical approaches to introduce defects and/or functional groups as an avenue
to control resultant thermal properties [106, 107, 108, 109, 77]. Defects increase phonon
scattering to thereby suppress thermal transport; however, defects are difficult to control and
their effect on thermal transport is reported to be minor when defect concentration is large
[110, 111]. Moreover, defects parasitically degrade other desirable properties (e.g., electrical
conductivity in TE applications) [106]. Edge passivation [112], isotope engineering [45],
strain [113], and grain boundary [109, 114] have also been considered for thermal transport
control; among the various methods, the technique of geometrically modifying or constricting
a graphene sheet is suggested as one of the most feasible and affordable methods [42] to
effectively control thermal transport [115]. The use of graphene nanomesh (GNM), which
contains nano-sized periodic holes on a graphene sheet, is one such example representative of
the application of geometric constraints towards effective thermal transport control [116, 43].
Due to their tunable bandgap through adjustment of pore size and periodicity, GNM presents
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itself as an excellent candidate for thermoelectric energy conversion [117] and field-effect
transistors [116, 102, 103, 118], energy storage [119], as well as gas detection [120, 121].
Recent studies utilizing molecular dynamics (MD) have primarily investigated freestanding GNM, whereas experimental studies and applications mainly employ GNM within
supported/sandwiched form [116, 122, 120, 121]. As the presence of a substrate is known to
greatly influence thermal behaviors of single-layer graphene (SLG) and graphene nanoribbon
in a dramatic way [123, 124, 45, 125, 32, 126] studying GNM in a supported form provides
more accurate insight to thermal transport behaviors within applications. In the study
of supported GNM, Si is selected as a substrate material to achieve maximized heat
diversion effect (due to its high thermal conductivity), and because of our continuing
interest in Si-supported graphene [46] and wide engineering applications (e.g., detectors in
aqueous environments [127], Schottky junction solar cells [128], and photonics [129]). Hole
arrangement and porosity are controlled in suspended and Si-supported GNM; their effects
on thermal transport, and the underlying physics of said effects, are examined.

3.3

Simulation Methods

Periodic boundary conditions are applied in the y-axis direction, while fixed and free
boundary conditions are used for the x- and z-axis directions (to avoid interactions between
periodic cells), respectively. Here, x and y are in-plane directions, and heat flows in the x
direction (Figs. 3.1a-3.1c). A sample length (l in x direction) of 47.2 nm and a width (w in y
direction) of 23.4 nm are selected to minimize lattice mismatch in Si/SLG heterostructures.
The Si block length and width are of the same dimensions as the graphene sheet; the height
of the Si block is 38.0 nm in the z-axis direction. Adaptive intermolecular reactive empirical
bond order (AIREBO) [66] potential is used to model C-C bonded interactions, and the threebody Stillinger-Weber [67] potential is employed for modeling Si-Si interactions. Short-range
van der Waals (vdW) interactions [68, 69] between C and Si atoms are modeled by the 12−6
Lennard-Jones (LJ) potential, ϕLJ = 4ε[(σ/r)12 − (σ/r)6 ], where ε is the minimum energy,
σ is the distance at which the intermolecular potential between the two particles is zero,
and r is the distance of separation between particles. The potential parameters used in
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our simulations are based on the vdW interactions in the universal force field (UFF) model
by Rappe et al. [70]. All simulations were performed using Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [65]; the total simulation time and time step size
for all simulations are chosen to be 2.5 ns and 0.5 fs, respectively. In this work, reported
results are the average of five independent simulations.
Two different arrangements of holes [square (SA) and zigzag (ZA)] are employed within
this research (Figs. 3.1a and 3.1b). In each simulation, hole sizes are uniform and the radius
ranges from 0 to 28.5 Å, while the hole center positions are fixed; thus, the porosity (of the
simulation cell central region) is controlled up to 75%. With the maximum possible porosity
being 78.5%, to avoid potential tearing and distortion of the graphene sheet structure, we
select a porosity of 75% as the maximum investigated porosity size. With various hole
arrangements and porosities, we investigate in-plane thermal transport in both stand-alone
and Si-supported GNMs, as well as cross-plane transport in Si/GNM systems.
Thermal transport, characterized by conductivity and conductance (or resistance), is
evaluated by determining resultant heat flow and temperature distributions under nonequilibrium temperature settings [75, 76, 77]. Initial equilibration is performed for 0.5 ns
in the N V T ensemble (constant number of particles, volume, and temperature) to rescale
velocities to a prescribed temperature. After equilibration is complete, four layers of atoms
are fixed at both ends of the structure (x- and y-axis directions); hot and cold Langevin
thermostats are then applied next to these fixed regions so to generate a heat flux in the
direction marked by arrows in Figs. 3.1a-3.1c [42, 112, 76]. Thermal conductivity, k (W/mK), is calculated by using Fourier’s law, q = −k∇T , the heat flux from the hot to the cold
region, q (W/m2 ), and the resulting temperature gradient, ∇T (= dT /dx in 1D transport).
q is the average heat addition/removal by the thermostats per unit cross-sectional area over
a time span of 2.0 ns. For the cross-sectional area, the thickness of single-layer graphene
is selected as the inter-layer spacing of graphite (0.335 nm [79]). In the determination of
∇T , local temperature is calculated from the ensemble average of local atomic energy over
a sufficient period of time (1.0 ns) so to minimize noise within temperature distributions.
Considering thermostating effects and temperature dependences on thermal transport, the
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Figure 3.1: Simulation models for the calculation of thermal transport properties. (a) Square hole
arrangement and (b) zigzag hole arrangement of GNM. (c) GNM with Si substrate (side view). Separate
hot and cold thermostats are placed on Si and GNM.
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linear portion near the prescribed T -value of the temperature profile is selected for our
analyses.
In order to calculate the thermal conductivity of graphene with a Si substrate, hot and
cold thermostats are separately placed on both graphene and Si as in Fig. 3.1c. In addition to
using thermostat heat flow (qT ), heat flux along the graphene sheet and Si block is obtained
from the ensemble average of the x component of heat flux (qf,x ), which is given by [79]

qf,x =

X
1 X1
1 XX
[
mi (u i · u i )ui,x +
ϕi ui,x +
xi,j (u i · F ij )],
V i 2
2
i
i
j

(3.1)

where V is the volume, mi is the mass of particle i, ui is the velocity vector, ui,x is the
x component of u i , ϕi is the potential energy, xij is the x component of the interatomic
separation (r ), and F ij is the interaction force between i and j particles. To estimate the
separate contributions of phonon modes to thermal transport, either the x and y components
of vectors (for the in-plane contribution) or only the z components (for the out-of-plane
contribution) are included in heat flux calculations (Eq. 1). To illustrate local heat flow
direction and magnitude (Figs. 3.6a-3.6d), we divide the simulated GNM into small groups
of atoms creating a 50×50 mesh grid (Fig. 3.2a) to capture all geometrical and heat flow
details, as well as to ensure sufficient number of atoms for the statistically meaningful heat
flux calculations. To find an appropriate mesh size, we tested different grid dimensions and
calculated temperatures of hole edge cells with the smallest number of atoms (Tcell ), which
has potential for the largest deviations from a prescribed, overall temperature (To ). The
difference between selected cell and overall equilibrium temperature of a sample (Tcell −
To ) decreases as the mesh size and number of atoms in the cell increases; ultimately, this
difference reaches almost zero when the cells contain a sufficient number of atoms for thermal
analysis (Fig. 3.2b). The local heat flux vector is determined by applying Eq. (1) every
time step and is averaged for 2.5 ns.
Cross-plane thermal transport across the GNM/Si interface is investigated by means of
the temperature relaxation method [64, 81]. The GNM/Si system is first equilibrated at 300
K; hot and cold thermostats at 350 K and 250 K are then respectively placed on the GNM
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and Si block in the N V E ensemble. After reaching steady-state, the thermostats are then
removed to allow for thermal relaxation of the simulated structure.
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Figure 3.2: (a) Mesh structure for the local heat flux distribution in GNM. (b) The difference between
calculated cell temperature and temperature of simulation sample (Tcell − Ttotal ) with respect to number of
meshes in each side of the dashed quare (n).

During this thermal relaxation period, temperature and energy changes of GNM and Si
block are recorded; the interfacial thermal resistance, R (K/W) can be obtained by [64, 83, 84]
Rt
R=

0

(TGNM − TSi )dt
,
Et − E0

(3.2)

where Et is the total energy of the supported graphene, E0 is the initial energy of GNM at
the beginning of relaxation period, A is the thermal transport interface area, and TGNM and
TSi are the GNM and Si temperatures.
In order to identify phonon behaviors within thermal transport of the GNM/Si system,
phonon density of states (Dp ) is calculated through the Fourier transform of the velocity
autocorrelation function [86]. In addition, atomic density distribution (ρ) is determined as
a representative parameter for the average distance between GNM and Si layers; this is
performed by averaging the number of particles per unit volume during the temperature
relaxation stage of simulations.
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3.4
3.4.1

Results and Discussion
Suspended GNM

In MD, with a non-equilibrium temperature setting for in-plane thermal conductivity, the
heat transfer path is comparable to the mean free path (MFP, 240–750 nm in graphene
[19, 90]) of thermal energy carriers, i.e., phonons. Thus, the resulting thermal conductivity
depends on the size of the simulation domain [130]; the thermal conductivity size dependence
of pristine graphene has been extensively studied in our previous research [46]. The size
dependence of GNM is also examined by comparing thermal conductivities from MD with
two different porosities (ζ = 20% and 56%), and three different dimensions of simulation
domain (l/2, l, and 2l). As Fig. 3.3 demonstrates, although MD thermal conductivity of
GNM increases with simulation domain size, it is much less sensitive to sample length (i.e.,
the length dependency is reduced) as porosity increases, which is attributed to an increasing
dominance of boundary/edge scattering.
30
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Figure 3.3: Size dependence of GNM thermal conductivity for three different sample length and two
different porosity cases.

The in-plane thermal conductivity (kGNM ) significantly decreases with increasing porosity
in both hole arrangements, as shown in Fig. 3.4a. This reduction of thermal conductivity, by
increasing porosity, is more significant for larger samples due to a smaller size dependence
at higher porosities (Fig. 3.3). This resulting porosity dependency is much greater than
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predictions made by the classical (Eucken) model, where the ratio of thermal conductivity
of a material with porosity (ζ), kGNM , to its non-porous counterpart (same size GNM
without pore, kGNM,np ), is given by kGNM /kGNM,np = (1 − ζ)/(1 + ζ/2) [131]. This classical
model is developed based on the premise that a subject system is within the continuum
(diffusive) regime, where system dimensions are much larger than the MFP, to allow for the
Fourier’s law-based assumption of constant thermal conductivity within a system. However,
as transport channels (or neck sizes) in GNM are smaller than that of graphene MFP,
ballistic size-dependent thermal transport (i.e., conductivity decreases as size decreases)
induces excessive reduction of overall thermal conductivity [88]. Thermal conductivities of
both hole arrangements are very similar to each other when their porosities are small (<
20%); however, their difference is seen to increase with increasing porosity as in Fig. 3.4b.
With a porosity of 75%, the thermal conductivity of the zigzag arrangement is found to be
roughly half of that determined within the square arrangement. In consistency with another
study [43], this implies that phonons within a narrowed channel due to a higher porosity
are more influenced by hole arrangements. As hole edges appear on the path of phonon
propagation, whose direction is limited by channel width, scattering is more frequent within
the zigzag arrangement.
According to previous research [54], the high thermal conductivity of suspended SLG
is attributed to a larger density of states at lower energies and lower phonon scattering
rates of out-of-plane phonon modes, which produces the dominant contribution (more than
77%) made to the in-plain thermal conductivity of suspended graphene.

Our relative

thermal conductivity calculations of in-plane and out-of-plane phonon modes (Figs. 3.4c
and 3.4d) also confirms the importance of out-of-plane phonon contributions to the inplane thermal transport of defect-free SLG. However, the relative influence of out-of-plane
phonons (kz /kGNM ) is found to decrease as porosity increases; due to a longer phonon-phonon
scattering MFP [132], pore induced phonon scattering more significantly obstructs the outof-plane modes, and thus, reduces the total thermal conductivity.
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Figure 3.4: (a) Thermal conductivity of GNM with classical Eucken model, square (SA), and zigzag
(ZA) hole arrangements with respect to porosity (ζ). (b) Relative GNM thermal conductivity of the zigzag
hole arrangement as compared to that of the square hole arrangement (kZA /kSA ) with respect to porosity
(ζ). Comparison of thermal conductivity in-plane (kxy ) and out-of-plane (kz ) phonon modes, and relative
thermal conductivity of out-of-plane phonon modes (kz /kGNM ) for (c) square hole arrangement (SA) and
(d) zigzag hole arrangement (ZA).
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For both hole arrangements, as relative contribution of temperature dependent phononphonon interactions to overall phonon scattering decreases with porosity, the temperature
dependence of thermal conductivity is less significant at larger porosities. Without pores
(defect-free, upper line in Fig. 3.5a), k decreases with temperature. However, this negative
temperature dependence is alleviated as porosity increases; eventually, positive temperature
dependence begins to emerge at a porosity of 50% (Fig. 3.5b) as the thermal conductivity
peak (Umklapp peak) moves towards higher temperatures at larger porosities.
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Figure 3.5: Temperature dependency of GNM in-plane thermal conductivity with square (filled shapes)
and zigzag (outlined shapes) hole arrangements at various porosities (dashed lines are linear fit in logarithmic
scale, which is exponential fit in linear scale). (b) Exponent of exponential fit (slope of the linear fit in
logarithmic scale) of thermal conductivity changes with temperature for different porosities.

Figures 3.6a and 3.6c demonstrate the in-plane projection of local heat flux vectors in
the two different hole arrangements under identical simulation conditions (hole radius of 25
Å and porosity of 56%). Although both cases share similar temperature distributions due to
identical temperature settings, the square arrangement (Fig. 3.6a) shows a larger number of
high-magnitude heat flux vectors than the zigzag arrangement (Fig. 3.6c); the average heat
flux of the zigzag arrangement is roughly 76% of that determined for the square arrangement.
Analysis of local heat flux vectors in polar coordinates illustrates that higher magnitude heat
flux vectors are primarily concentrated within an approximately 30◦ difference from the heat
flow direction (0◦ ) in the square arrangement (Fig. 3.6b). Contrarily, GNM with zigzag hole
arrangement (Fig. 3.6d) has a wider angular distribution of heat flux vectors and a lower
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centralized density of higher magnitude vectors; this confirms the lower net heat flux in the
x-axis direction than of that found in the square arrangement. Geometric constraints in
the zigzag hole arrangement impose more frequent scatterings to phonons possessing wave
vectors that align with the heat transfer direction (−30◦ ∼ 30◦ ); thus, contributions from
these phonons will be suppressed, reducing the net heat flux as well as thermal conductivity.

3.4.2

Supported GNM

Due to additional scattering and loss of reflection symmetry (which significantly restricts
the phase space for phonon-phonon scattering of z-axis direction phonons [58]) caused by
the presence of a substrate, thermal conductivity of the supported graphene sheet is reduced
to approximately 10% of that determined for suspended graphene (ksus ). This conductivity
reduction caused by the presence of a substrate decreases as porosity increases. In other
words, the ratio of supported GNM conductivity to suspended at the same porosity, ksup /ksus
linearly increases for GNM of both hole arrangements as shown in Fig. 3.7a (ksup /ksus ∼
0.6 at ζ = 76%). This indicates that the effect of substrate-induced scattering becomes
less dominant in supported GNM with a higher porosity due to larger scattering rates
caused by geometric constraints. In addition, Fig. 3.7b, where porous GNM thermal
conductivity is compared with non-porous graphene under the same conditions (substrate
and porosity), conveys that the porosity dependence of thermal conductivity (i.e., decreasing
k with increasing ζ) is less significant in supported GNM systems than in suspended cases.
As the influence is shared by both geometric constraints (holes) and substrate effects, each
of these influences become weakened. We note that as in suspended systems, SA is still
found to possess a higher conductivity than ZA in supported configurations. Porosity also
influences thermal transport across the interface of Si/GNM systems. As porosity increases,
the GNM/Si system reaches thermal equilibrium at a lower equilibrium temperature and at
a quicker rate than systems with lower porosities (Fig. 3.8a). Despite area (A) reduction by
increased porosity, interfacial thermal transport (R, K/W), calculated from the temperature
relaxation method with Eq. (2), is shown to decrease (Fig. 3.8b); i.e., areal resistance (R00 ,
m2 -K/W) decreases more quickly than the decrease in area. Here, hole arrangement does
not affect cross-plane thermal transport.
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Figure 3.6: In-plane local heat flux distribution. (a) Heat flux distribution in the square hole arrangement
GNM with hole radius of 25 Å. (b) Magnitude/angle distribution of the in-plane heat flux vectors within the
square hole arrangement. (c) Heat flux distribution in the zigzag arrangement GNM with hole radius of 25
Å. (d) Magnitude/angle distribution of the in-plane heat flux vectors within the zigzag hole arrangement.
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Figure 3.7: (a) Relative thermal conductivities of supported SA and ZA GNM to the suspended
GNM (ksup /ksus ). (b) Relative thermal conductivity of GNM to non-porous graphene (kGNM /kGNM,np )
in suspended and supported SA and ZA GNMs with respect to porosity (ζ).

This enhancement to cross-plane transport within high-porosity GNMs is attributed to
an increased strength of interactions between the Si and carbon atoms, stemming from a
reduction in interfacial distance between Si and GNM. Carbon atoms in non-porous graphene
are constrained by three C-C (sp2 ) bonds, while edge atoms are connected with one or two
neighboring atoms. As porosity increases, a larger fraction of these atoms are located at hole
edges with dangling bonds; in turn, this causes GNM structures to become less rigid and
more susceptible to deformation by van der Waals forces. Thus, the average distance between
Si and GNM decreases with increasing porosity, and is described by the atomic density
distribution in Fig. 3.8c. Since vdW interactions become stronger at shorter distances, this
reduction in interfacial distance leads to the expectation of stronger interactions across the
interface and thus, lower interfacial resistances [133, 134, 135]. In addition, the increasing
size of the near-zero peaks in Dp (Fig. 3.8d), which have a longer wavelength and higher
transmission across interface [97, 98], enables for lower interfacial thermal resistance, and
evidences the emergence of stronger interactions between Si and GNMs [46].
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Figure 3.8: (a) Temperature profiles for Si (dashed lines) and GNM (solid lines) during the temperature
relaxation period. As porosity increases, the system reaches thermal equilibrium more quickly and at a
lower equilibrium temperature. (b) Interfacial thermal resistance, R (outlined shapes and dashed line), and
areal interfacial thermal resistance, R00 (ζ) = A(ζ)R(ζ) (filled shapes and solid line). To evaluate the effect
of decreasing A on decreasing R, R00 (ζ) = A(ζ)R(0) is also plotted (dashed dot line). (c) Upper panel:
Alterations in potential energy (ϕ) and atomic force (F ) of Si and C atoms, based on the used vdW LJ
potential model, with respect to atom distance. Lower panel: Atomic density distribution of Si with respect
to the distance of C atoms. Porosity increases lead to decreases in the average distance between Si and C,
and potential energy and force increases. (d) Upper panel: Dp of Si near the interface with graphene (< 5 Å
from the interface). Lower panel: Dp of supported GNM at various porosities.
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Since the nanomesh (porous) structure is locally included within our simulated systems,
thermal conductivity is spatially distributed and the variation of thermal resistance (∝ 1/k)
produces a diversion in heat flux to the substrate. Reduction of interfacial thermal resistance,
via increase in porosity, enhances this process. Due to heat redirection to the substrate, the
heat flux at both thermostated ends (qT , obtained from recorded thermostat heat exchange
data) is larger than that of the central porous region [qf,x , calculated from averaged heat
flux in the x-axis direction using Eq. (1)]. This heat redirection is shown schematically
in Fig. 3.9, demonstrating two possible paths for heat to flow; the first path is without
heat leakage to Si and along the GNM, and the second path is heat leakage and reaching
the cold thermostat through the Si block. The resistance of the first path is synonymous
with thermal resistance of the GNM and can be calculated from its thermal conductivity
(R = l/kA). When heat flow leaks to the substrate, as in the second path, interfacial thermal
resistance (Fig. 3.8b) and thermal resistance of the Si block are included in total resistance of
the path. The thermal resistance of the first path displays an increase as porosity increases,
while the resistance of the second path is shown to decrease with increasing porosity; thus,
a higher porosity leads to a larger mismatch between qT and qf,x (i.e., larger heat leakage)
as Fig. 9 shows.
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Figure 3.9: Ratio of heat addition/subtraction to/from the thermostated regions (qT ) to the ensemble
average of the heat flux x component (qf,x ) within supported GNM.
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3.5

Conclusions

Propagation of thermal energy carriers is redirected by geometrical confinements on graphene
(hole arrangement and size); this redirection of heat flow is shown to effectively control
thermal transport. The transport channel scale (width) in GNMs is critical to resultant
variations of in-plane thermal transport as: 1) nanoscale channel size and hole pitch less
than the phonon mean free path induce ballistic transport between holes and promote
porosity dependence of conductivity, and 2) smaller channel widths, as found within larger
porosities, more significantly confine the direction of thermal carrier propagation (more
aligned with channel direction), thus magnifying the effect of hole arrangement (different
conductivities of GNMs with ZA and SA). Although additional scatterings caused by the
GNM supporting substrate do not change the tendencies of conductivity variation by porosity
and arrangement, their influences on in-plane transport are weakened by diversified scattering
mechanisms. Contrarily, GNM porosity is shown to greatly affect cross-plane transport
as interfacial thermal resistance decreases with increasing porosity. This is in spite of a
decreasing area available for thermal transport to take place; as the average atomic distance
between the substrate and GNM is reduced due to structure weakening from broken bonds
near holes, the strength of vdW interactions increase between the two layers. With increasing
porosity of supported GNM, we observe heat leakage to the substrate stemming from
decreases of in-plane conductivity and cross-plane thermal resistance; considerations should
be given to this diversion of heat flow within conductivity measurements and simulations
for improved accuracy. This study presents an effective means to control heat flow direction
and magnitude, in addition to accurate prediction of thermal transport results; these findings
have possible extension to enhanced thermal system design and evaluation of electronics.
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Chapter 4
Thermal Rectification via Asymmetric
Structural Defects in Graphene
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A version of this chapter was originally published by Ali Yousefzadi Nobakht, Yasser
Ashraf Gandomi, Jiaqi Wang, Matthew H Bowman, Drew C Marable, Benton E Garrison,
Daekun Kim, and Seungha Shin:
Nobakht Yousefzadi, Ali, et al. ”Thermal rectification via asymmetric structural defects
in graphene.” Carbon 132 (2018): 565-572.

4.1

Abstract

Thermal rectification in defect-engineered graphene with asymmetric hole arrangements is
assessed via molecular dynamics simulations. Asymmetry in two different configurations
(triangular and rectangular hole arrangements) is controlled by manipulating geometrical
parameters, such as hole size; effects of geometry on the resultant rectification are
investigated.

Filtering of phonon propagation directions by geometrical confinement,

and asymmetric relaxation distance induce a difference in heat transfer depending on
transport direction, or thermal rectification.

Increase in porosity, which results in

additional confinement and larger difference in relaxation, produces more significant thermal
rectification. While a rectangular arrangement of holes results in 70% of the maximum
thermal rectification, up to 78% of rectification was achieved using a triangular arrangement
within 47.5 nm of graphene, which can be attributed to more effective phonon-hole boundary
scattering with a triangular arrangement. This study suggests a feasible approach to create
thermal rectification and enables its fine control, contributing to the development of phononic
devices and enhancement of thermal system design for electronics.
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4.2

Introduction

Thermal transport control has been a key topic of study for thermal engineering in electronic
and energy conversion devices so to achieve desirable thermal conditions for both operation
and efficiency [136]. Recent focus has been on advanced control of thermal transport for
a more complicated requirement of achieving high thermal transport in one direction while
insulating in the other along that same path of transport [137, 138, 139, 140]. Control of
the thermal transport directionality enables for greater thermal management of systems, as
protection from external heat can be provided in addition to the management of systematic
heat generation.

This, termed ‘rectification,’ is allowed by the asymmetric thermal

properties, as asymmetric configurations create different thermal resistances [141, 142, 143].
These systems, deemed thermal rectifiers, are expected to serve as a critical building block
for advanced phononic devices [144, 145, 146, 147].
Asymmetric configurations for rectification in solids can be achieved in single- and
multi-component systems. In heterostructures, discrepancies in thermophysical properties
(thermal strain, thermal potential barriers, etc.) of two materials can effectively create
different interfacial thermal transport depending on the directionality of heat flow [7];
however, additional structural complexity and influence on other properties have led
to the study of thermal rectification using homogeneous structures [142].

Geometrical

confinement [138, 141, 142, 144, 145, 146, 147] and/or nonlinear interactions within the
system [148, 149, 150, 151, 152, 139, 143] have been suggested as primary mechanisms
for inducing thermal rectification phenomenon within these single-material designs. Lowdimensional carbon materials, such as graphene and carbon nanotube (CNT), have been
employed for thermal rectification studies [138, 141, 145, 47] due to their facile geometric
confinement and extremely high thermal conductivity (2000 - 5000 W/m-K near room
temperature) [18, 37, 130, 153], holding promise for manipulation of thermal transport
characteristics. Low phonon-phonon (p-p) scattering rate in graphene allows for geometric
confinement or defects to have a significant influence on thermal transport control [35, 36].
Recent studies have debated over the use of either carbon nanotubes [154, 7, 140] or graphene
nanoribbons (GNR) [138, 155, 145] as optimal thermal rectifiers. Transport studies within
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asymmetric GNR’s revealed that the heat flux flows greater in the direction of decreasing
width than the opposite direction [142]. As the length of the GNR is reduced, the resultant
thermal rectification was found to increase [152]. Through several studies, it has been found
that defects [106, 156, 157, 158, 159], functional groups [108, 160, 161, 45], and vacancies
[47, 162, 111] produce different effects on the outward display of graphene properties in
terms of thermal and electronic transport. A majority of previous research studies pertaining
to graphene and CNT thermal rectification are experimentally expensive or challenging to
implement [163, 146, 164], impractical [140, 165], or requiring significant changes in device
shape and design [138, 144]. In contrast, since the size and position of holes within the
material can effectively be controlled by the focused ion beam (FIB) method in experiments
[116, 122, 136], precise control of thermal rectification can now be achieved.
As a new feasible method for thermal rectification control, the thermal transport
behaviors in defect-engineered graphene (DEG) with asymmetric hole arrangements is
evaluated for thermal rectification. In this research, heat transfer and phonon behaviors with
two different directions of heat flow are calculated and compared via analysis of molecular
dynamics (MD) simulation results. Hole size (or porosity) and hole arrangement (triangular
and rectangular) are controlled, and the effects of asymmetric geometries and porosity on
the transport of thermal energy carriers are discussed.

4.3

Material and Methods

Periodic boundary conditions are applied in the y-axis direction, while fixed and free
boundary conditions are employed for the x- and z-axis directions, respectively. Here, x and
y are the in-plane directions, and heat flows in the x direction (Figs. 4.1a and 4.1b). A singlelayer graphene sheet is simulated, and for all tested simulations, the dimensions of the sample
graphene are held constant (i.e., length in x direction, l = 47.5 nm; width in y direction,
w = 23.5 nm). The adaptive intermolecular reactive empirical bond order (AIREBO) [66]
potential is used to model inter-carbon (C-C) interactions. All simulations were performed
using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [65]; the total
simulation time and time step size for all simulations are 2.5 ns and 0.5 fs, respectively. The
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results presented in this work have been obtained via averaging five independent simulations
and all common verification of MD resultant data (e.g., validation of potential and kinetic
energy convergence, and structural stability) were performed for all of the simulations to
ensure that presented results are physically sound and scientifically meaningful.
Asymmetric structures, employed for the analysis of thermal rectification (or asymmetric
thermal transport) are created by introducing holes to a single-layer graphene sheet. The
holes are oriented in two different arrangements of holes [triangular arrangement (TRA) and
rectangular arrangement (REA)] (Figs. 4.1a and 4.1b). In each simulation, hole sizes are
uniform and the porosity (ζ) ranges from 0 to 75% for the hole-filled area, while the center
positions of holes are fixed. In the TRA simulations, the hole size is altered to reach the
desired porosity. In the REA, the distance between hole-filled area (ds ) is considered in
addition to hole size. With two different values of ds (= 0 and 5 nm), porosity is controlled
by adjusting hole size with fixed hole positions. In an additional series of simulations, the
effect of ds on thermal rectification is investigated by varying ds from 0 to 10 nm for two
selected porosity values (30% and 60%). Degree of asymmetry (or asymmetricity, αA ), as a
parameter related to both porosity and hole distribution (Fig. 4.1c), is evaluated by using
R
the first moment of area [ (x − xc )dA, where x is the x coordinate (parallel or opposite to
the heat flow direction), dA is the integration element, and xc is the x coordinate of the
centerline in a pristine graphene], given as:
R
| (x − xc )dA|
αA = R
|(x − xc )dA|.

(4.1)

Here, αA can range from 0 to 1; for samples without hole or with symmetric hole arrangement,
αA = 0, while perfect asymmetry results in αA = 1.
Temperature distribution and thermal transport are induced under non-equilibrium
temperature settings [75, 76] by prescribing hot and cold thermostatting regions at the two
opposite ends of the simulation sample. To examine thermal transport at T , temperatures of
hot and cold thermostats are set as T + 25 K and T − 25 K, respectively. Initial equilibration
is performed for 0.5 ns in the N V T ensemble (constant number of particles, volume, and
temperature) by rescaling velocities to a prescribed temperature.
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Figure 4.1: Schematics of simulation cells for (a) triangular hole arrangement (TRA), and (b) rectangular
hole arrangement (REA). In both cases, the heat flow direction from low to high porosity region is defined as
the forward direction, and the opposite direction is reverse direction. In this figure, the white circles represent
the holes distributed in DEG. (c) The relation between the porosity (ζ) and the degree of asymmetry (αA ).
Here, ds =0 for the rectangular case.
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After equilibration is completed, five layers of carbon atoms (≈ 4.6Å) are fixed at both
ends of the structure (x- and y-axis directions) to prevent heat leakage to the periodic mirror
of sample at the ends; hot and cold Langevin thermostats are then applied next to these
fixed regions to generate a heat flux within the simulation sample [42, 112, 76]. The chosen
forward and reverse directions are shown in Fig. 4.1, and the thermal rectification (η) is
calculated as:
η(%) =

|qforward − qreverse |
× 100,
qforward

(4.2)

where qforward and qreverse (W/m2 ) are heat fluxes between two thermostats when heat flows
in the forward and reverse directions. Heat flux is calculated using the average heat added
to/removed from the thermostats per unit cross-sectional area over a time span of 2.0 ns; for
the cross-sectional area, the thickness of single-layer graphene is selected as the inter-layer
spacing of graphite (0.335 nm [79]).
To examine local heat flow direction and magnitude, we divide the simulated DEG into
smaller cells via a mesh grid. For selection of appropriate mesh size, we tested different grid
dimensions and calculated the temperatures of hole edge cells with the smallest number of
atoms (Tcell ), which have the potential to display the largest deviations from a prescribed,
overall temperature (To ).

The difference between selected cell and overall equilibrium

temperature of a sample (Tcell − To ) decreases as the mesh size and number of atoms in
the cell increases; ultimately, this difference reaches almost zero when the cells contain a
sufficient number of atoms for thermal analysis. Here, 50×50 mesh grid is selected as it
allows for the statistically meaningful heat flux calculations to capture all geometrical and
heat flow details. The local heat flux vector is calculated by [166, 167]:
q=

X
1 X1
1 XX
[
mi (u i · u i )u i +
ϕi u i,x +
x ij (u i · F ij )],
V i 2
2 i j
i

(4.3)

where V is the volume of the simulation domain, mi is the mass, u i is the velocity vector,
ϕi is the potential energy of particle i, and x ij and F ij are the relative position vector and
interaction force between i and j particles. Here “i” and “j” are indices of particles in the
domain.
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To identify phonon behaviors within thermal transport, phonon density of states (Dp ) is
calculated through the Fourier transform of the velocity autocorrelation function [86, 46] in
two different regions, before and after the hole-filled area (Regions A and B in Fig. 4.1).
Due to an asymmetric geometry, the Dp will be different for these regions [145, 146]. The
overlap factor (S), which can provide a quantitative indirect measure of phonon transmission
spectra [168] and characterize the rectification properties [150, 151, 152, 139], is defined as:
R∞
S = R∞
0

Dp,A (ω)Dp,B (ω)dω
R∞
,
Dp,A (ω)dω 0 Dp,B (ω)dω
0

(4.4)

where Dp,A and Dp,B are phonon density of states calculated for the regions A and B,
respectively.

4.4

Results and Discussion

As nanoscale structural defects, or holes, are introduced to a single-layer graphene sheet,
thermal transport decreases due to additional phonon scatterings by hole boundaries. Since
the positions of hole centers are fixed and asymmetrically distributed, porosity (ζ) and
asymmetricity (αA ) increase as hole size increases. Differing from cases with symmetric
hole arrangements [47], reduction in thermal transport of asymmetric configuration depends
on heat flow direction; i.e., when heat flows in the reverse direction (from high to low
porosity area), as the porosity increases, thermal transport decreases more significantly than
the forward direction (Fig. 4.2a). The difference between heat fluxes with two opposite
directions demonstrates heat flow rectification, which is characterized as η. As Fig. 4.2b
shows, η increases with ζ and αA ; specifically, with ζ > 30%, rectification is more noticeable.
According to the local heat flux analysis, the heat flow downstream area has a larger density
of small magnitude heat flux vectors, when compared with that of the upstream region, in
both forward and reverse heat flow cases (Figs. 4.3a and 4.3d).
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Figure 4.2: Heat flux ratio of DEG with triangular hole arrangement to non-defect graphene with respect
to porosity (ζ) and asymmetricity (αA ). (b) Thermal rectification of DEG with triangular hole arrangement
with respect to porosity (ζ) and asymmetricity (αA ).
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Figure 4.3: Local heat flux distribution in DEG with a triangular hole arrangement. For the forward
direction of heat flow, (a) local heat flux contour, (b) local heat flux vectors, and (c) angular distributions
of local heat flux vectors. For the reverse direction of heat flow, (d) local heat flux contour, (e) local heat
flux vectors, and (f) angular distributions of local heat flux vectors.
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Since the simulated systems in this study are under steady-state condition and contain
no heat source or sink between hot and cold thermostats, the heat flow of cross-sectional
area at any point (x) must be consistent along the flow direction due to energy conservation.
To maintain a constant amount of heat flow with a smaller magnitude of local heat flux
vectors, the vectors should be more oriented in the heat flow direction, rather than randomly
distributed. Figures 4.3b and 4.3e confirm that heat flux vectors downstream have more
directionality in the heat flow direction. Since the direction of local heat flux vector can
be considered as the average phonon propagation direction, we attribute this to the fact
that phonon transport channel is laterally confined by hole structures. Thus, phonons,
whose propagating direction has a small angle from the overal heat flow direction ±x, can
pass through the channel between holes, while phonons with a propagation direction more
deviated from the heat flow direction, are back-scattered by hole boundaries. These oriented
vectors are equilibrated to have a broader angular distribution by phonon-phonon (p-p)
scattering downstream (momentum relaxation). However, as the phonon mean free path in
graphene is longer than the simulation system size, it cannot be fully relaxed and the degree
of relaxation depends on distance after the hole area. Since the reverse direction allows for
a longer average distance after holes, further momentum relaxation, and thus, less oriented
heat flux vectors are expected than the forward heat flow case. As predicted, comparing
angular distribution of heat flux vectors (Figs. 4.3c and 4.3f), a large portion of heat flux
vectors are between -45◦ and 45◦ in the forward direction, while heat flux vectors have a
more random angle distribution in the reverse direction due to more relaxation. With more
oriented phonon propagations, heat transfer can be more efficient in the forward direction,
resulting in thermal rectification.
In MD simulations of defected graphene structures, phonons are scattered by hole
boundaries, other phonons, and thermostats (due to a limited distance between the two
thermostats). Nanoscale hole pitch shorter than mean free path by p-p scatterings (∼240750 nm [19, 90]) leads to the dominance of phonon-hole boundary (p-hb) scattering, especially
for large-porosity (ζ) cases.
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Figure 4.4: (a) Phonon density of states (Dp ) of TRA-DEG at Regions A and B in the forward and
reverse heat flow directions. (b) Effect of porosity on Dp overlap factor (S) of TRA-DEG, for the forward
and reverse heat flow directions.
Depending on heat flow direction, different T ’s are prescribed in regions A and B, which
can result in different thermal transport efficiencies. Figure 4.4a shows different phonon
density of states (Dp ) depending on heat flow direction and Fig.4.4b demonstrates overlap of
Dp ’s in two regions (S) varying with porosity. As the forward direction has a larger S than
the reverse, more phonons can be transported without changing their energy, also reinforcing
preferred heat flow in the forward direction.
Regardless of heat flow direction, reduction in magnitude of local heat flux vectors is
also observed after the hole area with a rectangular arrangement (REA), as in TRA case
(Figs. 4.5a and 4.5d). Forward-direction heat flow in Fig. 4.5b demonstrates a larger area
of high-magnitude (red) vectors and smaller area of low-magnitude (yellow and blue) after
the hole filled region, as compared to the reverse-direction heat flow in Fig. 4.5e. Similar
to TRA, this asymmetry allows for a different relaxation distance after lateral confinement;
this contrast of relaxation extent, which is supported by different angular distributions of
heat flow vectors in Figs. 4.5c and 4.5f, causes thermal rectification.
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Figure 4.5: Local heat flux distribution in DEG with a rectangular hole arrangement. For the forward
direction of heat flow, (a) local heat flux contour, (b) local heat flux vectors, and (c) angular distributions
of local heat flux vectors. For the reverse direction of heat flow, (d) local heat flux contour, (e) local heat
flux vectors, and (f) angular distributions of local heat flux vectors.

When non-defected area exists (ds > 0), heat flow is concentrated on a non-defected
channel, but less lateral confinement enables a larger angular direction distribution of local
heat flux vectors than holey area as in Figs. 4.5b and 4.5e. Thus, the difference between heat
flux distributions in forward and reverse directions is reduced as ds increases, decreasing the
dependence of heat flow direction.
As Fig. 4.6a shows, while maintaining positive dependence on porosity, rectification of
REA shows a more significant increase when the non-defected area is smaller. Conversely,
with a larger porosity (ζ) of holey area or larger hole size (d), η decreases faster as ds increases.
Figure 4.6b shows that η reduction by increasing ds with ζ = 30% is smaller than the case
of ζ = 60%, especially near ds = 0, demonstrating that the relative size of a non-defected
channel [= ds /(lp − d), where lp is the hole pitch] is an important factor in rectification.
To compare rectification of different hole arrangements, η’s are plotted with respect to its
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degree of asymmetry (αA ) as in Fig. 4.6c. Structural asymmetricity and phonon propagation
redirection cause the contrast in relaxation process after defected structures, which induce
rectification in nanoscale systems, where transport is not fully diffusive. As the asymmetry
and phonon redirection are controlled by hole arrangement and size, the graphene structure
can be optimized for large rectification. While this research presents different optimal hole
arrangements for a large rectification depending on αA , overall TRA displays the largest
rectification (especially when αA > 4%).
Here, we note that the reported rectification depends on system size and temperature
setting, which can influence the discrepancy of phonon relaxation between the heat flow
up- and downstream regions. The rectification is expected to decrease with increasing size,
which is supported by our additional simulations on a different length [10 nm increase in
non-defected region (where relaxation occurs) caused 4.3% drop in thermal rectification
for the TRA-DEG]. If the system domain is large enough for phonons to be fully relaxed,
the rectification could diminish.

This implies that more rectification can be observed

when an asymmetric hole distribution is created within a region smaller than the phonon
relaxation length, such as a small grain in a polycrystalline graphene. In addition, a higher
temperature will shorten the relaxation distance, while a larger temperature gradient will
increase asymmetricity of phonon relaxation; thus, the degree of rectification can change with
working temperature and prescribed temperature gradient (lower temperature and larger
gradient would be desirable). The detailed effects of system size and temperature can be
further studied in future works.
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4.5

Conclusions

The effects of asymmetric hole arrangements on directional dependence of thermal transport
were investigated within a single layer of graphene.

Geometrical confinement by hole

structures leads to selective phonon transport depending on propagation direction, reducing
thermal conductance.

The resulting distribution of phonon propagation direction is

equilibrated through momentum relaxation after lateral phonon confinement. With an
asymmetric structure and nanoscale dimension in ballistic regime, the extent of relaxation
depends on the heat flow direction, and this contrast yields to thermal rectification within
the asymmetric defect engineered graphene samples; i.e., with an equivalent temperature
difference, heat flow is larger with an increasing-porosity (forward) direction. Thermal
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rectification increases as porosity increases, and can reach as high as 78% at room
temperature with triangular hole arrangement with porosity of 75%. The difference in the
overlap of Dp ’s in two regions (S) are different for the forward and reverse direction and S
decreases as temperature and asymmetricity increases.
The proposed method of inducing thermal rectification within graphene sheets is both
experimentally and economically feasible.

In contrast to previous thermal rectification

studies, which require complex geometries or impractical graphene sheet tailoring, our
results demonstrate that thermal rectification can be achieved by creating asymmetric hole
arrangements, without altering the overall rectangular shape of the device. By controlling
the hole size and position, we can manipulate the thermal rectification value, thus enabling
effective and precise thermal rectification for advanced thermal management and phononic
device.
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Chapter 5
Control of In-plane and Cross-plane
Thermal Transport of Graphene by
Silicon Doping
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5.1

Abstract

Effects of silicon (Si) doping on thermal transport of suspended and SiO2 -supported graphene
are investigated via molecular dynamics (MD) simulations. Due to the large mismatch in
atomic mass, Si can be an effective depressor for thermal transport, while minimizing the
reduction of electron transport due to the resemblance in valence electrons between the host
carbon (C) and doped Si. The change of transport in Si-doped graphene is attributed to
phonon-impurity scattering, induced by the mass and interaction mismatches between C
and Si. This study identifies contribution of mass mismatch as well as interaction mismatch
of Si to transport reduction, separately. In addition, these mass and interaction mismatch
effects are also examined on in-plane thermal conductivity and cross-plane thermal resistance
of SiO2 -supported graphene by systematic control of MD simulation conditions. 2% Si
doping reduces in-plane transport of suspended graphene by ∼80% with more contribution
of interaction mismatch. Support graphene with 2% of Si doping is less affected by doping
(70% of reduction), and rather cross-plane transport is enhanced, showing the decrease of
interfacial thermal resistance by ∼30%. Change in phonon behavior due to doping creates
near zero energy peaks in phonon density of states which enhances the interfacial thermal
transport to the substrate. This study improves the understanding of dopant concentration
effect on in-plane and cross-plane thermal transport in graphene/SiO2 heterostructures and
provides insights to control thermal transport for enhanced thermal design.
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5.2

Introduction

Exceptional properties of graphene, including its high electrical and thermal conductivities
[169, 170, 171, 37, 54, 172], have motivated extensive research on graphene over the last
decade.

In particular, tailoring of graphene properties has been of great interest for

the development of various innovative and enhanced applications, such as electronic and
photonic devices [173]. Although the high thermal conductivity of graphene offers the
promise of effective heat dissipation, it is not always desirable depending on application
(e.g., thermoelectric energy conversion [29, 30, 31, 32]) and its control also influences (mostly
deteriorates) other properties; thus, advanced control of thermal transport in graphene
has been actively studied. Edge passivation [112], strain [113], grain boundary [109, 114],
geometrical defects [47], point defects [164, 174], isotope engineering [175, 45, 176, 177],
and substitutional dopants to graphene [174, 178, 179, 175] have been suggested to alter the
graphene thermal transport, and all these approaches displayed their effectiveness in thermal
transport control. For applicational enhancement, the influence on other structural and
electrical properties should be minimized, and thus, substitutional atomic doping, which can
allow for suppressing thermal transport without destruction of hexagonal lattice structure
inducing significant property changes, attracts more interest as one of the most effective
and promising methods [179, 175]. For thermal transport control by doping, researchers
have used different materials as dopants, like aluminum (Al), phosphorous (P), sulfur (S),
hydrogen (H), nitrogen (N), boron (B), and silicon (Si) [180, 181, 182, 183, 184].
Lowering thermal conductivity, while maintaining the electrical transport, can lead to an
efficient thermoelectric conversion [29, 30, 31, 32], and this can be achieved by enhancing
the phonon scattering and minimizing the change of electronic structure. Since Si is in
the same periodic family as host carbon atom (C), Si doping is possibly more effective to
maintain electronic structure, thus electrical conductivity, than other dopants. Moreover, a
large mismatch in atomic mass between Si and C is expected to increase a scattering rate,
reducing thermal conductivity, according to the perturbational analysis [185]. Therefore,
Si doping is promising to thermoelectric applications, and this possibility is supported
by recent studies on electrical and thermal transport of Si doped atoms [186] showing a
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notably lowered thermal conductivity and a considerable charge mobility. Even though
previous studies [176, 177] focused on the mass mismatch, doping distorts the force field
around dopants, and this bonding strength mismatch can also contribute to additional
phonon-impurity scattering. Also, doping effects on cross-plane (interfacial) and in-plane
thermal transport of supported systems have been relatively unexplored. Thus, further
study of the scattering origins and comprehensive evaluation of doping effects can improve
the understanding of thermal transport control by doping. In this research, in-plane and
cross-plane thermal transport of Si-doped graphene are investigated using the molecular
dynamics (MD) simulations. Silicon dioxide (SiO2 ) is employed as a substrate materials as
widely used in applications [187], and the doping concentration is considered up to 2%. By
adjusting mass and interatomic potentials of dopants, contributions of mass and bonding
strength mismatches to thermal transport control are evaluated separately, and phonon
spectrum is also calculated to explain thermal transport behaviors of Si-doped graphene.

5.3

Materials and Methods

Boundary conditions in the y-axis direction are periodic, while it is fixed and free for the
x- and z-axis directions, respectively. As shown in Fig. 5.1a, x, and y are the in-plane
directions, and heat flows in the x-direction. One layer of the graphene sheet is simulated,
and for all of the simulations in this study, the length in the x-direction is l = 50.0 nm and
width in the y-direction is w = 20.0 nm, and for the supported cases, Fig. 5.1b the height of
SiO2 block in the z-direction is h = 32.82 nm. The adaptive intermolecular reactive empirical
bond order (AIREBO) [66] potential is used to model inter-carbon (C-C) interactions, Tersoff
potential applied to model C-Si [188], Si-Si, O-O and O-Si [189] interactions. The interaction
between the graphene and SiO2 substrate is assumed to be van der Waals (vdW) type, which
is modeled using the Lennard-Jones (LJ) potential [190] Vij (r) = 4ij [(σij /r)12 − (σij /r)6 ],
where i = C, j = Si or O, and r is the interatomic distance. The numerical values of the
ij and σij obtained from Ong et al. [85]. All simulations were performed using Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [65]. Time step size and
total simulation time and for all simulations are 0.5 fs and 2.5 ns, respectively. The results
63

presented in this work have been obtained via averaging five independent simulations, and
all common verification of MD resultant data (e.g., validation of potential and kinetic energy
convergence, and structural stability) were performed for all of the simulations to ensure that
presented results are physically sound and scientifically meaningful.
Doping is implemented by randomly replacing carbon atoms with Si atoms in graphene
sheet while keeping the number of Si atoms in a way to meet the goal dopant concentration.
The dopant concentration varies from 0.0% to 2.0% with an increment of 0.2% for all of the
simulations.
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Figure 5.1: Schematics of simulation cells for (a) suspended Si-doped graphene (b) SiO2 supported
Si-doped graphene.

Since Si doping affects phonon transport through scattering by heavier Si atoms
and weaker C-Si interactions in comparison to C-C interactions, three cases of Si-doped
graphene are simulated for different concentrations (0 to 2%) and geometries (suspended
and supported):
i) The mass of C atoms at dopant sites is replaced with the mass of Si atoms, not applying
C-Si interatomic interactions (mass effect).
ii) Interactions with C atoms at the dopant sites are replaced with the interactions with
Si (C-Si in in-plane, Si-Si and Si-O interactions in cross-plane), not changing their mass
(interaction effect).
iii) Both mass and interaction are altered by doping; i.e., the mass of Si and C-Si in inplane and Si-Si and Si-O interactions in cross-plane are employed (mass+interaction effect).
These allow us to quantify the contributions of mass and interaction mismatches to
thermal transport.
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Mentioned scenarios help us to distinguish the effect of the interactions and mass of
atoms on phonon scattering and thermal conductivity.
Temperature distribution and thermal transport are induced under non-equilibrium
temperature settings [75, 76] by prescribing hot and cold thermostatting regions at the two
opposite ends of the simulation sample. To examine thermal transport at T , temperatures of
hot and cold thermostats are set as T + 25 K and T − 25 K, respectively. Initial equilibration
is performed for 0.5 ns in the N V T ensemble (constant number of particles, volume, and
temperature) by re-scaling velocities to a prescribed temperature. After equilibration is
completed, five layers of carbon atoms (≈ 4.6Å) are fixed at both ends of the structure (xand y-axis directions) to prevent heat leakage to the periodic mirror of the sample at the
ends; hot and cold Langevin thermostats are then applied next to these fixed regions to
generate a heat flux within the simulation sample [42, 112, 76].
Cross-plane thermal transport across the graphene/SiO2 interface is investigated employing the temperature relaxation method [64, 81]. The graphene/SiO2 system is first
equilibrated at 300 K; hot and cold thermostats at 350 K and 250 K are then respectively
placed on the graphene and SiO2 block in the N V E ensemble. After reaching steady-state,
the thermostats are then removed to allow for thermal relaxation of the simulated structure.
During this thermal relaxation period, temperature and energy changes of graphene and
SiO2 block are recorded; the interfacial thermal resistance, R (m2 -K/W) can be obtained by
[64, 83, 84]
Rt
R=

0

A(Tgraphene − TSiO2 )dt
,
Et − E0

(5.1)

where Et is the total energy of the supported graphene, E0 is the initial energy of graphene
at the beginning of relaxation period, A is the thermal transport interface area, and Tgraphene
and TSiO2 are the graphene and SiO2 temperatures.
To identify phonon behaviors within thermal transport, phonon density of states (Dp ) is
calculated through the Fourier transform of the velocity autocorrelation function [86, 46].
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5.4

Results and Discussion

Graphene thermal conductivity can be defined as k = (1/2)CνΛ based on kinetic transport
theory [44]. Here, C is the specific heat, ν is phonon group velocity, and Λ is phonon mean
free path (MFP) [45]. If we assume that Λ is limited by the anharmonic phonon Umklapp
−1
and point-defect scattering, we can write Λ−1 = Λ−1
U + ΛP . Subscript U is for Umklapp-

limited MFP in Λ = ντU and subscript P is for point-defect-limited MFP in Λ = ντP .
In these equations the τU and τP are Umklapp-limited phonon lifetime and point-defectlimited phonon lifetime respectively which can be affected by isotopes, defects, impurities or
vacancies.
The scattering rate on point defects, 1/τP , is related to volume per atom in the lattice V0 ,
phonon frequency ω, and strength of phonon-point defect scattering Γ, 1/τP ∝ V0 (ω α /ν β )Γ
[191, 192, 185]; Here, α =3(4) and β =2(3) for a 2D(3D) system, respectively [45]. From
perturbation theory Γ is defined as [191, 192, 185]:

Γ=

X

fi b(1 − Mi /M̄ )2 + εγ 2 (1 − Ri /R̄)2 c

(5.2)

i

where fi is the fractional concentration of the foreign atoms (e.g., impurity, defect or isotope
atoms), Mi is the mass of the i-th substitutional atom, M̄ is the average atomic mass, Ri is
the Pauling ionic radius of the i-th foreign atom, R̄ is the average radius, γ is the Gruneisen
parameter, which characterizes the anharmonicity of the lattice, and ε is a phenomenological
parameter. The mass of a foreign atom (impurity, vacancy, defect or isotope) is known well
whereas the local displacement ∆R = R̄−Ri due to the atom radius or bond length difference
is usually not known.
Considering equation 5.2 and the way τp affects thermal conductivity, it is clear that the
Si dopant can hinder thermal conductivity by introducing the local mass-difference term,
∆M = M̄ − Mi and bond-strength-difference which can quantify by bond-length difference
term ∆R = R̄ − Ri (i.e., weaker bond will result in larger bond length).
Here, the effect of mass is similar to isotopically modified graphene which creates
additional phonon scattering called ”mass-difference” scattering [45] which is affecting the
mass-difference term, and the potential effect is affecting bond-strength-difference term.
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5.4.1

Suspended graphene

Fig. 5.2a demonstrates the effect of changing mass, potential as well as mass and potential
at the same time. Due to heavier mass of Si atoms (28.085) in comparison with carbon
atoms (12.001), the Si atoms act as obstacles for phonon transfer in Si-doped graphene and
according to equation 5.2, increment of the substitutional atoms concentration, increases
the phonon-point scattering strength (Γ) and phonon scattering rate (1/τp ) which reduces
in-plane thermal conductivity and thermal transport rate (q) more than 80%.
Relative contribution of bond-strength mismatch to thermal conductivity reduction is
larger than that of mass mismatch, and their summation is larger than the unity as in Fig.
5.2b shows. This indicates that Si doping induces not only large mass mismatch but also
significant bonding-strength mismatch. This results in a very high chance of scattering
at dopant sites, thus thermal transport reduction dominantly dependent on fractional
concentration of Si dopants.
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Figure 5.2: (a) Effect of mass, potential, and mass+potential on the in-plane thermal transport of
suspended Si-doped graphene as a function of dopant concentration. (b) Relative contribution of mass and
potential on thermal transport reduction.

Changing only the interatomic potential of the dopant atoms to (C-Si) interactions which
is a weaker interaction in comparison to (C-C) interactions, causes larger bonding length
which increases the term ∆R = R̄ − Ri in equation 5.2 and induces bond-strength-difference
scattering. According to Fig. 5.2, the bond-strength-difference has a higher impact on
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reducing the thermal conductivity of the graphene. As expected, when we apply both mass
and interaction effect, the thermal conductivity further decreases.
The relative contribution of each scattering term has the same behavior in the supported
case (Fig.5.3b), the coupled scattering mechanisms also are increasing as the Si concentration
increases in the supported case.

5.4.2

SiO2 supported graphene

Since out-of-plane phonons which are the primary thermal energy carriers in suspended
graphene and these phonon mods can suppress significantly by the substrate [46], doping
has a smaller effect on thermal conductivity reduction of supported Si-doped graphene (Fig.
5.3a). However, we can see the same mass-difference, and bond-strength-difference effects
for the supported graphene too.
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Figure 5.3: (a) Effect of mass, potential, and mass+potential on the in-plane thermal transport of
supported Si doped graphene as a function of dopant concentration. (b) Relative contribution of mass and
potential on thermal transport reduction.

Studying the effect of Si doping on interfacial thermal resistance between the graphene
and SiO2 substrate (Fig. 5.4) shows that increasing the dopant reduces the interfacial thermal
resistance. Because of stronger interactions of Si-Si bonds in comparison with C-Si bonds, the
strength of interactions between Si doped graphene and substrate increases with increasing
the number of Si atoms in the graphene layer.
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Figure 5.4: Cross-plane interfacial thermal resistance in the supported Si doped graphene with respect
to dopant concentration.

By increasing dopant percentage, Dp shows an additional low-energy peak as in Fig. 5.5.
The peak created by the potential effect is larger than the one for the only mass effect, and
the peak for both effects is the largest, similar to their effect on thermal conductivity. The
stronger interaction constrains the motions of constituent atoms neighboring the interfaces,
analogous to linkage to very heave mass, which we attribute the appearance and increase of
low-energy phonon peak too.
The peak is sharp and narrow; thus, we deduce that the phonon is localized (or not
propagated) in the out-of-plane direction. Additionally, the out-of-plane mode, which the
peak belongs to, has a minor contribution to in-plane thermal transport in the supported
graphene [46], and the in-plane thermal conductivity is decreasing despite an increased
phonon population by a larger density of state at the peak. Therefore, the low-energy
phonons in the peak do not contribute to in-plane thermal transport, being localized. This
low-energy vibration excitation can provide additional transport channels, enhancing local
cross-plane interfacial transport as discussed in detail in our previous work [46].
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Figure 5.5: (a)Dp ’s of pure graphene, as well as mass, potential, and mass+potential effect. (b) Dp ’s of
phonon mode polarized in the cross-plane direction (z) for pure graphene, as well as mass, potential, and
mass+potential effect. The near zero phonon peak appears for the doped graphene and similar to previous
results, the potential has a larger effect in comparison with mass effect.

As discussed above, phonons with long wavelength (low frequency) dominantly contribute
to thermal transport due to their high transmission across interfaces, and this additional
channel enhances the cross-plane thermal transport vividly; thus, the larger peak by higher
dopant concentration can lead to the lower interfacial resistance.

5.5

Conclusions

Phonon transport is significantly influenced by the point-defect scattering, which can
reduce in-plane thermal conductivity dramatically (∼80%). Si doping creates local phonon
scattering, induced by mass- and bond-strength-mismatches, which increases the total
phonon scattering, reducing the phonon relaxation time. Since the out-of-plane phonons (the
primary energy carriers for the in-plane thermal transport) are scattered by the substrate,
the effect of phonon-point defect (impurity) scattering in supported Si-doped graphene on
in-plane thermal conductivity is smaller than suspended graphene.
The graphene/SiO2 interfacial transport can be effectively controlled by the dopant concentration, thus the variation in out-of-plane phonon mode. Increasing dopant concentration
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creates the additional low-frequency transport channel in the out-of-plane mode, which
effectively reduces interfacial thermal resistance (by ∼30%).
This study offers insights on thermal transport properties in Si-doped graphene heterostructures, which can be employed for the thermal system design and analysis of graphene
devices.

Effective, anisotropic thermal transport control proposed in this research is

beneficial in many engineering applications.
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Chapter 6
Conclusions
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6.1

Summary and Contributions

Various methods for controlling in-plane and cross-plane thermal transport are investigated
via molecular dynamics (MD) simulations. Fundamental carrier properties calculated by MD
(e.g., phonon density of states, local heat flux vectors, and contributions of out-of-plane and
in-plane phonon modes to thermal transport) supports mechanisms of selective and dynamic
thermal transport control suggested in this study, enhancing the understanding of nanoscale
thermal conduction phenomena.
To control the in-plane thermal transport of graphene, various means, including interfacial
interaction and structural and point defects, have been examined to alter the kinetics of
phonon scattering. Introduction of cross-plane interaction by supported and suspended
structures changes phonon spectrum and scattering kinetics in the out-of-plane mode,
which significantly reduces in-plane thermal conductivity of graphene. Nanosize structural
defects induce drastic change of phonon scattering kinetics, and this study demonstrates
the control of hole size and arrangement enables not only considerable change of thermal
conductivity but also asymmetric behaviors of thermal transport. Si doping induces phononpoint scattering due to both mass and atomic interaction mismatches, and ∼80% of thermal
transport reduction by 2% of Si doping is observed in this study.
To control cross-plane thermal transport, we can use mechanical forces to the interface.
The simulation results confirm that by applying force to the interface of a sandwiched
graphene layer between Si blocks we can reduce the interfacial thermal resistance by 50%
(when 2.6 GPa pressure applied to the interface by external forces). It is interesting that
applying force to the interface, does not affect in-plane thermal conductivity of sandwiched
graphene (2.6 GPa pressure to the interface reduces in-plane thermal conductivity by
3.5%). Some of the methods used to control in-pane thermal conductivity, can be used to
alter cross-plane thermal transport, too. For example, creating geometrical defects (holes)
in graphene nanomeshs (GNMs), can reduce interfacial thermal transport by weakening
graphene structure and reducing the average distance between GNM and the substrate. Si
doping also reduces interfacial thermal transport by creating a near zero frequency phonons
with higher transmission and enhancing cross-plane thermal transport.
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The main finding of each applied method of controlling thermal transport can be
summarized as follows:
 The substrate induces the phonon scattering especially out-of-plane modes, which

are prohibited in suspended 2D graphene, reducing in-plane thermal conductivity of
supported graphene. Adding another contact surface in the sandwiched graphene
system increases the substrate activated scattering of the out-of-plane modes, and
applying a pressure leads to change in out-of-plane phonon modes. The change in
conductivity (k) is not significant for the sandwiched and pressurized sandwiched
structure, indicating thermal energy is transported dominantly by in-plane phonons
which are almost invariant with pressure application. In contrast, the cross-plane
interactions which can effectively control the graphene/Si interfacial transport, by
variation of the out-of-plane phonon mode. Applying the pressure for the interaction
control effectively reduces interfacial thermal resistance by creating additional lowfrequency transport channel in the out-of-plane mode (by 50% with 2.6 GPa, while
in-plane conductivity reduces by 3.5%).
 Propagation of thermal energy carriers can have redirected by geometrical confinements

on graphene which can effectively control thermal transport. The transport channel
scale (width) in GNMs is critical to resultant variations of in-plane thermal transport.
Although additional scattering caused by the GNM supporting substrate do not change
the tendencies of conductivity variation by porosity and arrangement, their influences
on in-plane transport are weakened by diversified scattering mechanisms. Contrarily,
GNM porosity is shown to greatly affect cross-plane transport as interfacial thermal
resistance decreases with increasing porosity. As the average atomic distance between
the substrate and GNM is reduced due to structure weakening from broken bonds
near holes, the strength of vdW interactions increase between the two layers. With
increasing porosity of supported GNM, we observe heat leakage to the substrate
stemming from decreases of in-plane conductivity and cross-plane thermal resistance;
considerations should be given to this diversion of heat flow within conductivity
measurements and simulations for improved accuracy.
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This study shows that

geometrical confinements can be used as an effective means to control heat flow
direction and magnitude providing possible extension to enhanced thermal system
design and evaluation of electronics.
 Geometrical confinement by hole structures leads to selective phonon transport

depending on propagation direction, reducing thermal conductance. The resulting
distribution of phonon propagation direction is equilibrated through momentum
relaxation after lateral phonon confinement.

With an asymmetric structure and

nanoscale dimension in ballistic regime, the extent of relaxation depends on the
heat flow direction, and this contrast yields to thermal rectification within the
asymmetric defect engineered graphene samples.

Thermal rectification increases

as porosity increases and can reach as high as 78% at room temperature with
triangular hole arrangement with porosity of 75%. The proposed method of inducing
thermal rectification within graphene sheets is both experimentally and economically
feasible. In contrast to previous thermal rectification studies, which require complex
geometries or impractical graphene sheet tailoring, our results demonstrate that
thermal rectification can be achieved by creating asymmetric hole arrangements,
without altering the overall rectangular shape of the device. By controlling the hole size
and position, we can manipulate the thermal rectification value, thus enabling effective
and precise thermal rectification for advanced thermal management and phononic
device.
 Phonon transport is significantly influenced by the point-defect scattering, which can

reduce in-plane thermal conductivity dramatically (∼80%). Si doping creates local
phonon scattering induced by mass-difference, and bond-strength-difference effects,
which this increases the total phonon scattering, reducing thermal transport. Since the
out-of-plane phonons (the primary energy carriers for the in-plane thermal transport)
are scattered by the substrate, influence of enhanced point defect scattering is smaller
in supported graphene.

The graphene/SiO2 interfacial thermal transport can be

effectively controlled by the dopant concentration. Increasing dopant concentration
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creates the additional low-frequency transport channel in the out-of-plane mode, which
effectively reduces interfacial thermal resistance (by ∼30%).
This research covers various approaches of controlling heat conduction in freestanding
graphene and graphene heterostructures, and proposes new mechanisms of controlling heat
transfer direction and magnitude. By calculating and discussing fundamental properties
involved in the thermal properties of materials, this study provides deeper insights to the
ongoing physics behind thermal transport control and suggests new and precise methods to
enhance and improve design of electronic, phononic, and energy conversion devices.

6.2

Recommendation for Further Studies

Although MD simulations can predict various mechanical, and thermal properties, it is
limited to atomistic vibration (i.e., phonon transport) simulations and electron transport
can not be included in MD simulations. The current computing power, and available MD
algorithms are the limiting factors of spatial and temporal dimension. Because of mentioned
limiting factors graphene simulation in this work is limited to nanoscale and the simulation
time lengths are limited to few nano seconds. To further enhance physical understanding and
control thermal transport in more effective way, exploring different approaches, structures
and simulation methods can be useful. Here, possible extensions of this advanced thermal
transport control study are suggested.
This research have explored methods of reducing thermal conductivity of graphene
for possible thermoelectric energy conversion applications. Performing Density Functional
Theory (DFT) simulations to predict electron transport and calculate TE power factor (σe S 2 ,
σe : electrical conductivity and S: Seebeck coefficient) will provide more insight to improve
TE devices design. However, DFT simulations for large systems sizes to include the proposed
holes sized in this research is not computationally affordable at this time.
Since altering material structure through the proposed methods in this study can affect
electronic transport too, performing a comprehensive multi-scale simulation of thermal and
electronic transport simulations will be a useful extension to this study. By obtaining
electronic and thermal properties from DFT and MD simulations and applying them as
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input to larger scale simulations using finite element method (FEM) and computational
fluid dynamics (CFD) can provide all necessary insights and understanding for a real size
engineering electronic and energy conversion device design.
The results of this study showed that by creating asymmetric scattering we can induce
thermal rectification in graphene layer. This research used geometrical defects to induce
scattering. Asymmetric point-defect scattering (i.e., doping) can be used to create materials
with asymmetric thermal transport behavior which can act as thermal rectifiers (Fig. 6.1a).
Interfacial thermal transport can also be studied in the asymmetric systems. For example,
asymmetric external mechanical force can be used to produce interfacial thermal resistance
distribution at the interface and control interfacial thermal transport in a non-uniform way
(Fig. 6.1b).
The proposed thermal rectification method for nano-structures can be employed to create
micro- and macro-size materials with thermal rectification properties. Assembling thermal
nanoscale rectifiers in series or parallel arrangements can be used to buildup macro-size
thermal rectifiers (Fig. 6.1c).
In addition to graphene systems, other 2D materials structures like MoS2 , h-BN, etc.
and other substrate systems (polymer, etc.) can also be promising research topic for novel
electronic, energy conversion and storage applications.

6.3

Outlook

Although nanoscale MD investigations might appear to be far from macro-, and microscale domain for engineering applications, understanding the fundamentals of the nanoscale
physics and underlying phenomena, which determine material properties, become increasingly essential as new demands arise for designing materials with a higher efficiency and
desired properties.

As the computational abilities grow and innovative algorithms are

developed, atomistic simulations will continue to improve to predict and calculate required
principles for understanding of the ongoing physics in larger scales.
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Figure 6.1: (a) Applying asymmetric doping to generate thermal rectification in graphene layer. (b)
Asymmetric interfacial thermal transport induced by non-uniform pressure applied to the interface. (c)
Assembling nano thermal rectifiers to create micro and macro thermal rectifiers.
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6) Manav Vohra, Ali Yousefzadi Nobakht, Seungha Shin, Sankaran Mahadevan. ”
Uncertainty Quantification in Non-Equilibrium Molecular Dynamics Simulations of Thermal
Transport.” International Journal of Heat and Mass Transfer, Under Review. [193]
7) Ondrej Dyck, Feng Bao, Maxim Ziatdinov, Ali Yousefzadi Nobakht, Seungha Shin,
Kody Law, Artem Maksov, Bobby G. Sumpter, Richard Archibald, Stephen Jesse, Sergei V.
Kalinin. ”Single atom force measurements: mapping potential energy landscapes via electron
beam induced single atom dynamics.” Nature Nanotechnology, Under Review. [194]
8) Ali Yousefzadi Nobakht, Seungha Shin, and Jiaqi Wang. ”Asymmetric Thermal
Transport by Adjusting Structural Defects.” AIAA Journal, Under Review.

79

9) Ali Yousefzadi Nobakht, James D. Blanks, Jiaqi Wang, Hassan Rezayat and
Seungha Shin. ”Effect of Precipitate Geometry on Thermal Transport in Aluminum Alloys.”
Computational Materials Science, Under Review.

6.4.2

Conference presentations

1) Ali Yousefzadi Nobakht, and Seungha Shin. ”Pressure effects on in-plane and crossplane thermal transport within graphene heterostructures” ASME 2016 SHTC Summer Heat
Transfer Conference.
2) Ali Yousefzadi Nobakht, and Seungha Shin.

”Control of thermal transport

in graphene and graphene nanomesh heterostructures” ASME 2017 SHTC Summer Heat
Transfer Conference.
3) Ali Yousefzadi Nobakht, and Seungha Shin. ”Control of thermal transport in
graphene/Si heterostructures” ASME 2017 INTERPACK® Packaging and Integration of
Electronic and Photonic Microsystems.
4) Ali Yousefzadi Nobakht, and Seungha Shin. ”Diversion of heat flow in supported
graphene nanomeshes” ASME 2017 INTERPACK® Packaging and Integration of Electronic
and Photonic Microsystems.

80

Bibliography

81

[1] Massoud Kaviany. Heat transfer physics. Cambridge University Press, 2014. 2, 3, 5,
20
[2] Mark Lundstrom. Fundamentals of carrier transport. Cambridge University Press,
2009. 2, 3
[3] David L King, Jay A Kratochvil, and William E Boyson. Temperature coefficients for
pv modules and arrays: measurement methods, difficulties, and results. In Photovoltaic
Specialists Conference, 1997., Conference Record of the Twenty-Sixth IEEE, pages
1183–1186. IEEE, 1997. 2
[4] Pravin M Kulkarni, Dhirendra Rana, KP Karunakaran, Asim Tewari, and Prathmesh
Joshi.

Additive manufacturing of directionally heat conductive objects.

Agile

Manufacturing Systems, 5, 2016. 2
[5] Jun Fukai, Makoto Kanou, Yoshikazu Kodama, and Osamu Miyatake.
conductivity enhancement of energy storage media using carbon fibers.

Thermal
Energy

Conversion and Management, 41(14):1543–1556, 2000. 2, 26
[6] HS Gwon, SH Kim, R Kasada, and Satoshi Konishi.

Anisotropic heat transfer

characteristics of composite material enhanced with high thermal conductivity fiber.
In 2013 IEEE 25th Symposium on Fusion Engineering (SOFE), pages 1–4. IEEE, 2013.
2, 26
[7] Nick A Roberts and DG Walker. A review of thermal rectification observations and
models in solid materials. International Journal of Thermal Sciences, 50(5):648–662,
2011. 2, 47
[8] Nianbei Li, Jie Ren, Lei Wang, Gang Zhang, Peter Hänggi, and Baowen Li.
Colloquium: Phononics: Manipulating heat flow with electronic analogs and beyond.
Reviews of Modern Physics, 84(3):1045, 2012. 3
[9] Mingsheng Xu, Tao Liang, Minmin Shi, and Hongzheng Chen. Graphene-like twodimensional materials. Chemical reviews, 113(5):3766–3798, 2013. 3, 4

82

[10] Ruben Mas-Balleste, Cristina Gomez-Navarro, Julio Gomez-Herrero, and Felix
Zamora. 2d materials: to graphene and beyond. Nanoscale, 3(1):20–30, 2011. 3
[11] Hyun-Jung Choi, Sun-Min Jung, Jeong-Min Seo, Dong Wook Chang, Liming Dai,
and Jong-Beom Baek. Graphene for energy conversion and storage in fuel cells and
supercapacitors. Nano Energy, 1(4):534–551, 2012. 3
[12] Nanda Gopal Sahoo, Yongzheng Pan, Lin Li, and Siew Hwa Chan. Graphene-based
materials for energy conversion. Advanced Materials, 24(30):4203–4210, 2012. 3
[13] Yuka Tsuboi, Feijiu Wang, Daichi Kozawa, Kazuma Funahashi, Shinichiro Mouri,
Yuhei Miyauchi, Taishi Takenobu, and Kazunari Matsuda. Enhanced photovoltaic
performances of graphene/si solar cells by insertion of a mos 2 thin film. Nanoscale, 7
(34):14476–14482, 2015. 3
[14] MA Gluba, D Amkreutz, GV Troppenz, J Rappich, and NH Nickel. Embedded
graphene for large-area silicon-based devices. Applied Physics Letters, 103(7):073102,
2013. 3
[15] Kostya S Novoselov, Andre K Geim, Sergei V Morozov, D Jiang, Y Zhang, Sergey V
Dubonos, Irina V Grigorieva, and Alexandr A Firsov. Electric field effect in atomically
thin carbon films. science, 306(5696):666–669, 2004. 4, 29
[16] Yuanbo Zhang, Yan-Wen Tan, Horst L Stormer, and Philip Kim.

Experimental

observation of the quantum hall effect and berry’s phase in graphene. nature, 438
(7065):201, 2005. 4
[17] Andre K Geim and Konstantin S Novoselov. The rise of graphene. Nature materials,
6(3):183, 2007. 4
[18] Alexander A Balandin, Suchismita Ghosh, Wenzhong Bao, Irene Calizo, Desalegne
Teweldebrhan, Feng Miao, and Chun Ning Lau. Superior thermal conductivity of
single-layer graphene. Nano letters, 8(3):902–907, 2008. 4, 10, 16, 29, 47

83

[19] S Ghosh, I Calizo, D Teweldebrhan, EP Pokatilov, DL Nika, AA Balandin, W Bao,
F Miao, and C Ning Lau. Extremely high thermal conductivity of graphene: Prospects
for thermal management applications in nanoelectronic circuits.

Applied Physics

Letters, 92(15):151911, 2008. 4, 10, 15, 16, 29, 35, 54
[20] Changgu Lee, Xiaoding Wei, Jeffrey W Kysar, and James Hone. Measurement of the
elastic properties and intrinsic strength of monolayer graphene. science, 321(5887):
385–388, 2008. 4
[21] Fang Liu, Pingbing Ming, and Ju Li. Ab initio calculation of ideal strength and phonon
instability of graphene under tension. Physical Review B, 76(6):064120, 2007. 4
[22] LA Falkovsky. Optical properties of graphene. In Journal of Physics: Conference
Series, volume 129, page 012004. IOP Publishing, 2008. 4
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